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Editorial on the Research Topic
 Context-Dependent Regulation of Neurogenesis: Common Themes and Unique Features of the Neurogenic Process in Different Model Systems



During neural development, neural stem/progenitor cells (NSPCs) proliferate to self-renew and generate progeny that undergo neuronal differentiation, a process known as neurogenesis. In many organisms, this process is temporally restricted and mostly limited to embryonic and early post-natal development, although adult neurogenesis also takes place in a region-specific and species-specific manner. In the developing nervous system, NSPCs produce region-specific amounts and types of neurons, following distinct temporal schedules, according to their positional identity and the extracellular environment to which they are exposed; these differences are key to shape the anatomical and functional properties of different neural structures, and to ensure proper wiring of complex neuronal networks. Moreover, in adult life, differences in positional information, developmental history, and extrinsic cues across the nervous system determine whether or not specific neural structures are capable of continued neurogenesis, as well as the quantity and the fate of adult born neurons.

Over the years, molecular studies have shown that the core mechanisms driving NSPC self-renewal and neuronal differentiation are remarkably conserved in organisms as different as flies and mice. At the same time, the transcriptional programs expressed in NSPCs, as well as the extracellular signals acting upon them in the neurogenic niche, can change substantially in different organisms, or even in different regions or stages within the same organism. This context-dependent regulation of neurogenesis confers unique properties to each neurogenic niche and its neuronal output. Grasping both the shared and the unique mechanisms underlying NSPC function and neurogenesis in different contexts may crucially improve our understanding of how the exceptional cellular, anatomical, and functional complexity of the human brain is achieved and maintained in the developing and adult organism. It would also be paramount to the development of experimental models that faithfully recapitulate this complexity in vitro, and of cell therapies for the treatment of neurodevelopmental and neurodegenerative conditions affecting the nervous system in different regions and ages.

This Research Topic addresses both the fundamental mechanisms of neurogenesis that are conserved in different model systems, and the peculiar traits that distinguish different neurogenic niches from each other, by assembling a remarkable collection of articles written by leading experts in the field. Several of the main model organisms employed in developmental neuroscience are represented in this Research Topic, which includes: (i) key experimental paradigms both in the central and peripheral nervous system (CNS, PNS); (ii) embryonic and adult neurogenesis; (iii) in vitro and in vivo models. A brief introduction to the articles in this Research Topic is provided below.

Neural development relies on the proliferation and differentiation of NSPCs to be regulated spatially and temporally in a context-dependent manner such that discrete structures can be formed. This is perhaps most clearly exemplified in the mammalian cerebral cortex. This region of the brain has undergone extensive expansion within the mammalian lineage, especially within primates. Understanding how the transcriptional architecture within NSPCs of the anterior brain has changed to facilitate expansion of the neocortex, and how this program has diversified within different mammalian lineages is reviewed by Franchini. This review encompasses research that has asked key questions about neocortical development, including how the neocortex emerged, and how it is different in comparison to brain development in other tetrapods, how the 6-layered structure of the neocortex evolved, and how it is generated, the mechanism and underlying control of cortical gyrification, and the importance of interneurons for cortical function.

Development of the neocortex also requires the coordination of a range of signals, both intrinsic and extrinsic, in NSPCs. For example, Shohayeb et al. describe the role of the spindle microtubule-associated phosphoprotein WDR62 in regulating the proliferation of NPSCs within the developing mouse cerebral cortex. The importance of WDR62 for cortical neurogenesis is underscored by the fact that mice lacking this factor exhibit microcephaly. Conversely, Cao et al. used cultured NSPCs from embryonic rat cerebral cortices to demonstrate that the intravenous anesthetic propofol mediates cell-extrinsic effects on NSPCs, impacting their differentiation. Given the widespread use of propofol, studies such as this are key to understanding how such anesthetics can be safely used. Finally, Xing and Huttner review our understanding of how neurotransmitters within the developing mammalian neocortex serve to regulate NSPC proliferation. This review, as well as a review by Shou et al., also discuss the use of organoids to understand brain development and better define our understanding of neurological diseases. Given that research on the human brain has traditionally been hampered by a paucity of tissue, organoids have emerged as a powerful tool to probe the cellular, molecular, and genetic factors underpinning the development of many regions of the human brain, including the cerebral cortex. Although research has faced issues relating to high variability between organoids, standardization of techniques and protocols is gradually emerging. This has enabled researchers to better understand normal development, as well as to model neurodevelopmental disorders such as primary microcephaly, lissencephaly, and autism in a human context. While challenges remain with organoid technology, such as whether these structures will ever be able to truly reflect the complexity of the human brain, they offer another lens through which the development of the brain can be modeled and tested.

Because of its anatomical accessibility and simplicity, the vertebrate neural retina has long been a preferred CNS area for studying neurogenesis. Three articles of this Research Topic address important aspects of retinal neurogenesis. Retinal NSPCs, like those in other areas of the CNS, are organized in the tight and highly polarized pseudo-stratified neuroepithelium, and they undergo interkinetic nuclear migration as they proliferate. Clark et al. concentrated on the characterization of a particular mechanism influencing the balance between proliferation and neurogenesis of retinal NSPCs in the zebrafish embryo, namely the apical localization of a Crumbs family member, Crb2a, depending on the endocytic pathway regulator Rab11a. The generation of a structured and functional retina does not only depend on the balance of proliferation and neurogenesis, since a third player affects the outcome of both processes: apoptosis. This can be physiological, occurring during normal development to adjust neuron number, or pathological, in relation to neurodegeneration. Trying to understand the possible role of DNA damage on retinal degeneration, Gomes et al. inactivated the gene encoding the Rad50 partner protein Rint1 specifically in mouse retinal NSPCs, showing that, instead of causing a proliferation halt by activating the cell cycle checkpoint, this mutation, and the DNA breaks it caused, drove the cells toward apoptosis. Helping to join these two concepts together, the Perspective Article by Oliveira-Valença et al. provides an excellent discussion of an important biomedical issue whose resolution might lie in a better understanding of the basic mechanisms of embryonic neurogenesis: the degeneration of the projection neurons in the retina, retinal ganglion cells, in very prevalent human eye diseases such as glaucoma.

In addition to looking at general mechanisms affecting neurogenesis in whole areas of the nervous system, like the above-described mammalian cortex or the vertebrate retina, there are other levels of analysis. On the one hand, it is important to look at the cellular and subcellular level, where mechanisms tend to be more general across species, organs, and neuronal types. Two reviews in this Research Topic address the important roles of membrane dynamics in neurogenesis. Moore et al. give a brief but essential account on the recently expanding field in cell signaling based on cell protrusions, including filopodia and cytonemes. Interestingly, in addition to secreted paracrine factors, able to diffuse for a variable distance across tissues, and contact between immediate neighboring cells, an increasing number of reports are indicating the presence of a diverse range of cell processes having roles in neurogenesis, such as the ones described here mediating Notch lateral inhibition. Studying the morphological polarization and early differentiation of neurons, Rozes-Salvador et al. analyse the role of intracellular membrane traffic, as modulated by different small GTPases, including Rab11, in neurite outgrowth. On the other hand, a close look into the molecular players regulating the generation and differentiation of one specific cell type is usually very enlightening, as in the case of the review article by Yang et al. on the specification of the enigmatic Kolmer-Agduhr interneurons of the spinal cord of different vertebrate species, which maintain an apical border with a primary cilium toward the ependymal canal.

A different paradigm in vertebrate embryonic neurogenesis is represented by the PNS. In this case, neurons do not arise from the neural tube neuroepithelium, but from cells at the neural plate border (the neural crest; NC) or cranial ectodermal placodes, from which they undergo an epithelial to mesenchymal transition and migrate to eventually populate the peripheral ganglia. Two extensive and complementary reviews discuss the origin, (Mendez-Maldonado et al.), the structural organization (Vermeiren et al.), and the transcription factors involved in neuronal specification (both reviews), of cranial ganglia, while a very interesting research article analyses some of the signals involved in the generation of a set of neurons in the basal chordate Ciona (a group lacking NC), which are homologous to dorsal root ganglion neurons (Kim et al.). A special case in the cranial PNS is the olfactory organ, where neurons are themselves exposed to the environment, and are hence expected to be a very sensitive portion of the nervous system to pathogen invasion. In their research report, Palominos and Whitlock explore the relationship between neurogenesis and immune cells in the early development of the olfactory organ in zebrafish.

Following its discovery in mammals, which were thought to generate all their brain neurons during development, adult neurogenesis has become a major focus of neuroscience research, given its involvement in brain plasticity and in neuropathological conditions, and the hope of harnessing it for therapeutic purposes. Since adult NSPCs originate from subpopulations of embryonic NSPCs, and their properties are largely rooted in their developmental history, the need for an integrated view of developmental and adult neurogenesis is increasingly appreciated, as reviewed by Mira and Morante. Focusing on flies and mice, these authors illustrate how the types of cell division and cell interactions used by NSPCs are key to generate neuronal diversity during development and for continued neurogenesis in the adult brain, and how they are influenced by intrinsic transcriptional programmes and extrinsic cues, highlighting the role of niche glial cells.

Although the process of adult neurogenesis has primarily been studied in rodents, other vertebrate models may provide important insights. Labusch et al. review recent progress in the study of adult neurogenesis in zebrafish, discussing how, thanks to adult neurogenic niches easily accessible to live imaging, this organism is allowing to dissect adult NSPC heterogeneity and cell cycle dynamics to a detail difficult to achieve in mammals. Several properties of mammalian adult NSPCs, including their responsiveness to various stimuli, can be recapitulated in zebrafish, and the regenerative capacity of zebrafish neurogenesis may help to understand the lack of regeneration in the mammalian brain. The importance of exploiting the advantages of non-mammalian model systems is also evident in the work of Naef et al., who employed Xenopus embryos to show that Mex3A, a gene associated with brain aging, is a crucial regulator of NSPC proliferation.

Two reviews focus on classical paradigms of adult neurogenesis in mice: the hippocampal dentate gyrus and the subventricular zone of the lateral ventricles. Bonafina et al. discuss the complexity of the extrinsic cues acting in the hippocampal niche, and the need to further understand how different cues are integrated by NSPCs and/or modulate specific NSPC subpopulations. Ceccarelli et al. examine the effects that various physiological and pathological stimuli exert on adult NPSC proliferation, and their interactions with the genetic programmes controlling the NSPC cell cycle. The authors highlight recent studies showing that appropriate combinations of neurogenic stimuli and genetic modifications can recruit quiescent NSPCs into the cell cycle even in the aged brain, suggesting that the adult NSPC pool may be more resilient to exhaustion than previously believed.

Altogether, this Research Topic provides an updated view of neurogenesis in different regions, stages and organisms, which we hope will be valuable to foster further investigation of this fundamental process and its physio-pathological implications.


AUTHOR CONTRIBUTIONS

GL, MP, and FZ equally contributed as Guest Editors of this Research Topic and closely interacted throughout the editorial process, by defining the subjects to be treated and inviting leaders in specific research fields to contribute their work, and by acting as handling editors of all the manuscripts submitted to the Research Topic and writing the Editorial. All authors contributed to the article and approved the submitted version.



FUNDING

GL was supported from research project grants from Sapienza University of Rome. MP was supported by an Australian Research Council (ARC) Discovery Project (DP180100017). FZ was supported by PEDECIBA and Dedicación Total, UdelaR.



ACKNOWLEDGMENTS

We thank the Editorial Office of Frontiers in Cell and Developmental Biology for their assistance throughout the editorial process.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lupo, Piper and Zolessi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	REVIEW
published: 07 April 2020
doi: 10.3389/fcell.2020.00211





[image: image]

Interaction Between Neurogenic Stimuli and the Gene Network Controlling the Activation of Stem Cells of the Adult Neurogenic Niches, in Physiological and Pathological Conditions

Manuela Ceccarelli, Giorgio D’Andrea, Laura Micheli and Felice Tirone*

Institute of Biochemistry and Cell Biology, National Research Council (IBBC-CNR), Rome, Italy

Edited by:
Michael Piper, The University of Queensland, Australia

Reviewed by:
David Petrik, Cardiff University, United Kingdom
Maria-Eleni Lalioti, University of Patras, Greece

*Correspondence: Felice Tirone, felice.tirone@cnr.it; tirone@inmm.cnr.it

Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology

Received: 30 January 2020
Accepted: 11 March 2020
Published: 07 April 2020

Citation: Ceccarelli M, D’Andrea G, Micheli L and Tirone F (2020) Interaction Between Neurogenic Stimuli and the Gene Network Controlling the Activation of Stem Cells of the Adult Neurogenic Niches, in Physiological and Pathological Conditions. Front. Cell Dev. Biol. 8:211. doi: 10.3389/fcell.2020.00211

In the adult mammalian brain new neurons are continuously generated throughout life in two niches, the dentate gyrus of the hippocampus and the subventricular zone. This process, called adult neurogenesis, starts from stem cells, which are activated and enter the cell cycle. The proliferative capability of stem cells progressively decreases during aging. The population of stem cells is generally quiescent, and it is not clear whether the potential for stem cells to expand is limited, or whether they can expand and then return to quiescence, remaining available for further activation. Certain conditions may deregulate stem cells quiescence and self-renewal. In fact we discuss the possibility of activation of stem cells by neurogenic stimuli as a function of the intensity of the stimulus (i.e., whether this is physiological or pathological), and of the deregulation of the system (i.e., whether the model is aged or carrying genetic mutations in the gene network controlling quiescence). It appears that when the system is aged and/or carrying mutations of quiescence-maintaining genes, preservation of the quiescent state of stem cells is more critical and stem cells can be activated by a neurogenic stimulus which is ineffective in normal conditions. Moreover, when a neurogenic stimulus is in itself a cause of brain damage (e.g., kainic acid treatment) the activation of stem cells occurs bypassing any inhibitory control. Plausibly, with strong neurogenic stimuli, such as kainic acid injected into the dentate gyrus, the self-renewal capacity of stem cells may undergo rapid exhaustion. However, the self-renewal capability of stem cells persists when normal stimuli are elicited in the presence of a mutation of one of the quiescence-maintaining genes, such as p16Ink4a, p21Cip1 or Btg1. In this case, stem cells become promptly activated by a neurogenic stimulus even during aging. This indicates that stem cells retain a high proliferative capability and plasticity, and suggests that stem cells are protected against the response to stimulus and are resilient to exhaustion. It will be interesting to assess at which functional degree of deregulation of the quiescence-maintaining system, stem cells will remain responsive to repeated neurogenic stimuli without undergoing exhaustion of their pool.

Keywords: adult neurogenesis, neural stem cells, self-renewal, stem cell quiescence/activation, neurogenic stimuli, gene network, aging, depression


ADULT NEUROGENESIS IN THE DENTATE GYRUS AND SUBVENTRICULAR ZONE (SVZ) AND SELF-RENEWAL OF STEM CELLS

Neurogenesis persists in the mammalian brain in two specific neurogenic niches, the subgranular zone (SGZ) of the hippocampal dentate gyrus and the subventricular zone (SVZ) adjacent to lateral ventricles, where new neurons are generated throughout life from stem cells (Kempermann et al., 2015; Lim and Alvarez-Buylla, 2016).

Hippocampal adult neurogenesis is necessary for learning and memory, as it contributes to enhance the ability to distinguish between similar memory patterns; this ability, defined pattern separation, is in-built in the dentate gyrus circuitry, but is greatly improved by the addition of new neurons to the existent circuits (Farioli-Vecchioli et al., 2008; Aimone et al., 2011; Sahay et al., 2011b; Tirone et al., 2013). As for the SVZ, the new neurons generated from stem cells during adulthood migrate to the olfactory bulb, where they contribute to the olfactory function (Lim and Alvarez-Buylla, 2016). Remarkably, these SVZ neurons can contribute to repair brain areas, damaged for instance by stroke or trauma (Christie and Turnley, 2013).

Neural stem cells are mainly quiescent in both neurogenic niches (Urbán et al., 2019). In the SGZ, adult neurogenesis involves the activation of stem cells with radial glia-like morphology, labeled by GFAP, Sox2, nestin, and named type-1 cells, as proposed by Kempermann et al. (2004) (Komitova and Eriksson, 2004; Steiner et al., 2006). Neural stem cells divide mostly asymmetrically (Kempermann et al., 2004; Bonaguidi et al., 2011; Encinas et al., 2011), giving rise to rapidly proliferating progenitor cells (type-2 and type-3; Filippov et al., 2003; Fukuda et al., 2003; Kronenberg et al., 2003; Steiner et al., 2004), which mature into post-mitotic neurons (stage 5) and then into terminally differentiated neurons (stage 6; Brandt et al., 2003).

Also in the SVZ, the other neurogenic niche, radial glia-like stem cells expressing GFAP (B cells) produce proliferating transient amplifying cells, which then mature into neuroblasts (DCX-positive, A cells) that finally migrate to the olfactory bulb (Lim and Alvarez-Buylla, 2016).

Considering that a network of genes controls the quiescence of stem cells, we will discuss how neurogenic stimuli and the quiescence-maintaining gene network interact, i.e., whether a neurogenic stimulus can activate stem cells in physiological conditions and how the neurogenic stimulus response is modulated by quiescence-maintaining genes. This should help define the extent by which the pool of stem cells is resilient to depletion.

There are two theories about the process of self-renewal of the stem cell pool in the SGZ, one proposing a repeated self-renewal of stem cell, and another proposing a “disposable stem cell” model. In the first model, a quiescent stem cell after activation in physiological conditions may undergo several rounds of asymmetrical division generating a progeny that differentiates into neuron or astroglia; but stem cells may also expand dividing symmetrically, and in either division mode they can return to a quiescent state, remaining available for further activation (Bonaguidi et al., 2011). In the “disposable stem cell” model, after activation, the stem cell divides only asymmetrically a number of times and then conclusively differentiates into astrocyte or neuron, thus depleting the pool (Encinas et al., 2011). A further insight in this latter model shows that when the activation is elicited by a stimulus of medium or strong intensity (kainic acid), which mimics epileptiform activity, then the division mode shifts from asymmetric to symmetric with prevalent astrocytogenesis and accelerated depletion of the pool (Sierra et al., 2015).

Certainly, it is not possible to exclude that differences in the mouse models used by Bonaguidi et al. (2011) and Encinas et al. (2011) may account for part of the differences observed. However, other studies have shown that not all neural stem cells are rapidly depleted and that part of them returns to quiescence in both the SGZ and the SVZ, being possibly responsible for the preservation of the stem cell pool and neurogenesis in old age (Urbán et al., 2016; Obernier et al., 2018; Pilz et al., 2018). In fact, Pilz et al. (2018) propose a model in which radial glia stem cells can enter sporadically into the cell cycle, with the possibility of shuttling back and forth between quiescence and activity. Moreover, the population analyzed by Pilz et al. (2018) was limited to the Ascl1-positive cells, which leaves the possibility of other neural stem cell populations remaining longer in quiescence. Furthermore, Urbán et al. (2016) show that indeed stem cells of the dentate gyrus can reenter quiescence after having been activated, provided the E3-ubiquitin ligase Huwe1 is degraded, which ultimately inhibits the increase of cyclin D1. The primed stem cells reentering quiescence are in a resting state not as deep as the original quiescent state but they can nonetheless sustain the stem cell pool, since the authors show that if stem cells fail to return to quiescence, then the proliferative stem cell pool is depleted (Urbán et al., 2016).

Likewise, a model has also been proposed for SVZ stem cells, whereby about one third of them self-renew symmetrically, thus preserving the pool and remaining available for further activation; the remaining two thirds of stem cells divide generating progeny with an expansion stronger than in the SGZ, thus consuming the pool (Calzolari et al., 2015; Obernier et al., 2018). This model keeps open the possibility of expansion also during aging, when, however, neurogenesis is reduced. A further comprehensive model for long-term self renewal of SVZ stem cells has been proposed by Basak et al. (2018), where stem cells reversibly return to quiescence after proliferation depending on the state of the niche, either proliferative or quiescent. Interestingly, quiescent SVZ cells, once primed, can reenter the cell cycle after injury, i.e., either 5-fluorouracil (Basak et al., 2018) or ischemia (Llorens-Bobadilla et al., 2015), compensating the depletion of neural stem cells and thus revealing a latent plasticity.

Thus, besides the actual model of stem cell self-renewal in the SGZ or SVZ, it seems that at least in physiological conditions, self-renewal can be reversible from quiescence to activity and vice versa, thus opening possibilities of a multi-faceted process that can be activated upon demand or stimulus.

Stem cell heterogeneity is another factor that comes into play. Indeed, stem cells of the dentate gyrus have been shown to display different degrees of functionality, some of them being neurogenic and other multipotent and more able to self-renew (DeCarolis et al., 2013; Ibrayeva et al., 2019 [Preprint]). However, this points to a functional heterogeneity and to differences between transgenic mouse models rather than to the existence of specific subpopulations. This possibility is suggested also by RNA sequencing analyses of single cells, which indicate that discrete subpopulations of neural stem cells in the dentate gyrus cannot be identified, being highly heterogeneous, with a continuum of cells that progressively downregulate genes involved in the maintenance of quiescence, such as cell cycle genes (Artegiani et al., 2017). In the SVZ as well it has been observed that neural stem cells from different domains, correlated to the expression of specific transcription factors (Nkx.2, Zic, Gli1), originate different interneurons within the anterior ventral SVZ (Merkle et al., 2014).

The presence in the dentate gyrus of heterogeneous populations of stem/progenitor cells may be suitable to respond to different tissue requests (Lugert et al., 2010). Moreover, these populations may be regulated in different ways and may thus respond selectively to environmental cues (Bonaguidi et al., 2012).



CONTROL OF STEM CELLS ACTIVATION IN THE DENTATE GYRUS AND SVZ BY GENES/FACTORS

The quiescence, proliferation, and differentiation of stem cells is coordinated by a complex balance of environmental cues (Fuentealba et al., 2012). These include pro-proliferative factors/stimuli such as VEGF (Licht et al., 2016) and Noggin (Bonaguidi et al., 2008), or factors involved in maintaining the quiescence, such as BMPs (Mira et al., 2010), Id4 (Blomfield et al., 2019), FoxO3 (Paik et al., 2009), Notch (Ables et al., 2010; Ehm et al., 2010; Lugert et al., 2010), p21Cip1 (Porlan et al., 2013), Btg1 (Farioli-Vecchioli et al., 2012), p27Kip1 (Andreu et al., 2015), or favoring differentiation such as GABA (Tozuka et al., 2005), NeuroD1 (Richetin et al., 2015), NeuroD2 (Micheli et al., 2017), and Tis21/Btg2 (Farioli-Vecchioli et al., 2008). While BMPs maintain quiescence of stem cells in the dentate gyrus, conserving them in an undifferentiated state, overexpression of the antagonist Noggin recruits quiescent stem cells to the cycle but is followed by decreased stem cell division and partial depletion of non-radial cells, i.e., of progenitor cells, and of neurons (Mira et al., 2010). Similarly, Btg1 maintains the quiescence of stem cells in the dentate gyrus and SVZ, since its deletion induces a proliferative burst of stem and progenitor cells early after birth, followed by a decline of proliferation and apparent depletion of the stem cells and of mature neuron generation in the dentate gyrus and SVZ (Farioli-Vecchioli et al., 2012, 2014; Micheli et al., 2018a). Also the Notch pathway maintains the quiescence of stem cells, as its inactivation induces, within 2 months, a decrease of the number of stem cells, accompanied by increased generation of neurons and consequent depletion of the stem cell pool (Ables et al., 2010; Ehm et al., 2010). The mechanism by which Notch acts is by activating its effector Hes1, which in turn suppresses the expression of Ascl1, activator of stem cells exit from quiescence (Sueda et al., 2019). p27Kip1 has been demonstrated to maintain dentate gyrus stem cells in quiescence, as its deletion leads to great increase of proliferating radial stem cells, progenitor cells and neurons; it is not clear, however, whether this leads to a decreased production of stem/progenitor cells in the long-term (Andreu et al., 2015). Id4, instead, maintains SGZ stem cells in quiescence by turning off Ascl1 – sequestering the Ascl1 heterodimerization partner E47 – thus preventing the entry into the cell cycle (Blomfield et al., 2019). Also FoxO3 maintains SGZ and SVZ stem cells quiescent with a mechanism that may involve competition with Ascl1 for DNA binding, but also downregulation of metabolic genes (Paik et al., 2009; Renault et al., 2009).



NEUROGENIC STIMULI ACTIVATING STEM CELLS IN NEUROGENIC NICHES OF ADULT, AGED AND BRAIN PATHOLOGY MODELS

A powerful control of stem cell quiescence is also revealed by exogenous neurogenic stimuli, such as physical exercise (running), antidepressants, or nutrient molecules or by learning itself. Complex cellular processes are necessary to translate these stimuli into neurogenic changes.


Physical Exercise in the Dentate Gyrus and SVZ

It is known that running acts on neurogenesis, neural circuitry, neurotransmission, neurotrophins, vasculature, and synaptic plasticity. Moreover, peripheral organs, such as muscle, liver and adipose tissue are influenced by running and release specific systemic factors that stimulate neurotrophins and neurogenesis in the hippocampus (Vivar et al., 2013).

Several reports indicate that physical exercise (running) stimulates adult neurogenesis in the dentate gyrus by inducing the proliferation of progenitor cells (type-2 and type-3) without, however, being able to activate type-1 stem cells (Kronenberg et al., 2003; Steiner et al., 2008; Brandt et al., 2010; Farioli-Vecchioli et al., 2014). There is also evidence that running increases BrdU+Sox2+ cells (Suh et al., 2007), which, however, comprise not only stem cells but also proliferating type-2ab transit amplifying cells (Komitova and Eriksson, 2004; Steiner et al., 2006). Moreover, according to Lugert et al. (2010), a subpopulation of quiescent radial neural stem cells, expressing Hes5, respond to running (see Table 1). A very interesting report indicates that the transition of stem cells from the quiescent to proliferative state following running corresponds to a conversion from high to lower oxidative state and to a decrease of expression of quiescence-maintaining genes, such as Btg1, Btg2, p21Cip1 (Adusumilli et al., 2019 [Preprint]). Interestingly, the activation of neural stem cells by metabolic mechanisms appears to be a general concept and not exclusively related to the stimulus of running. Indeed, the mechanisms of the shift from quiescence to activity for hippocampal stem cells is also dependent on the metabolism of fatty acids, since the inhibition of their breakdown (i.e., of their oxidation) leads to quiescence, while the activation of oxidation triggers the proliferation of stem cells with cell cycle re-entry, even after BMP4-mediated induction of quiescence (Knobloch et al., 2017). Likewise, transition from quiescence to activation of stem cells has been found to be associated with downregulation of glycolytic metabolism, of Notch and BMP signaling (Llorens-Bobadilla et al., 2015).


TABLE 1. Proliferative activation of stem and progenitor cells of the adult and aged dentate gyrus by different neurogenic stimuli.

[image: Table 1]Therefore, the metabolic activation of fatty acid and of glycolysis play roles in the process of stem cells activation, thus suggesting common mechanisms of activation of neurogenesis by running (for instance, through adiponectin, Yau et al., 2014) and nutrients (see also section “Nutrients as Activators of Stem Cells in Adult and Aged Dentate Gyrus and SVZ”).

There is no ready answer as to why running (or other neurogenic stimuli) activate progenitor cells but not stem cells. We can however point out that hippocampal neurogenesis is regulated also by neural circuitry. In particular, an important role in determining the balance between quiescent or proliferative state of radial glia-like cells is played by GABAergic signals. Tonic activation of the gamma 2 receptor by GABA, released from parvalbumin-expressing interneurons, maintains quiescence of stem cells. Depletion of the receptor, conversely, induces proliferation of type-2 progenitor cells (Song et al., 2012). Interestingly, during voluntary exercise, the negative regulation of GABAA receptors by DBI (diazepam binding inhibitor) promotes the expansion of the progenitor cell pool (Sox2+ and DCX+, i.e., type-1-2a and type-2b-3, respectively; Dumitru et al., 2017). The GABA switch may thus be a control after running of the balance existing between stem and progenitor cells.

Moreover, it is important to note that the exercise-induced activation of progenitor cells depends also on serotonin signaling, since the depletion of serotonin through tryptophan hydroxylase 2 (Tph2) knockout impairs the induction of proliferation of progenitor cells by exercise. Surprisingly, Tph2 knockout displays a decrease of Sox2+GFAP+ (type-1) cells, which resumes to normal level after running, probably as a consequence of an adaptation aimed at maintaining homeostasis of the neurogenic niche (Klempin et al., 2013). Another report indicated that the 5-HT3 receptor is specifically required for the exercise-induced SGZ neurogenesis (of progenitor cells, BrdU+DCX+) and antidepressant effect, while it is not required for exercise-induced learning (Kondo et al., 2015).

Thus, the neurogenic stimulation of progenitor cells in SGZ by exercise, is tightly controlled by neural circuits, in addition to the network of cell cycle genes such as p16Ink4a and Btg1 (see below section “Interaction Between Genes Controlling Stem Cell Activation in the Dentate Gyrus or SVZ and Neurogenic Stimuli”) and of several non-cell-autonomous factors. It is worth noting that the proliferative action of running is associated with a shortening of the S-phase of dentate gyrus progenitor cells. After deletion of the cell cycle inhibitor Btg1 also stem cells undergo cell cycle shortening (Farioli-Vecchioli et al., 2014). We proposed that the acceleration of the cell cycle may stabilize the expansion of the neural progenitor cells to this stimulus (Farioli-Vecchioli and Tirone, 2015). Instead, no change of cell cycle length was observed after the neurogenic stimulus of fluoxetine (Micheli et al., 2017).

Physical exercise is unable to activate stem cells also in the dentate gyrus of aged mice as well, where, however, it is able to partially rescue the age-dependent decline of hippocampal neurogenesis and of spatial memory (Morris water maze and place recognition tests; van Praag et al., 2005; Marlatt et al., 2012; Siette et al., 2013; Micheli et al., 2019). Moreover, running is able to activate progenitor cells and rescue a spatial memory deficit also in conditions of reduced hippocampal neurogenesis in a depression-like state induced by corticosterone treatment, but it is not defined whether also stem cells are reactivated in these conditions (Yau et al., 2012; Table 1).

In the SVZ of adult mice, running is not effective as an activator of stem cells (B cells; Brown et al., 2003; Mastrorilli et al., 2017), although prolonged running activates the proliferation of neuroblasts (A cells; Bednarczyk et al., 2009). In aged mice, however, running activates SVZ stem cells (neurospheres) as well as neuroblasts (Blackmore et al., 2009; Table 2).


TABLE 2. Activation of stem cells by neurogenic stimuli in the adult, aged and pathological SVZ.
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Antidepressant Fluoxetine in the Dentate Gyrus and SVZ

An inverse correlation between adult neurogenesis and depression or also stress – which is a powerful inducer of depression – has been found. In fact, antidepressants, and among them fluoxetine, have been demonstrated to be able to activate cell proliferation and survival of newborn neurons in the hippocampus of rats and mice, and to rescue the defect of neurogenesis induced by depression or by stress [Malberg et al., 2000; Santarelli et al., 2003; Encinas et al., 2006 (for reviews Lucassen et al., 2015; Micheli et al., 2018b; Planchez et al., 2020)]. Fluoxetine, which belongs to the class of selective serotonin reuptake inhibitors (SSRI), has in fact been thoroughly studied as neurogenic stimulus in SGZ, as in adult dentate gyrus strongly stimulates the proliferation of progenitor cells but is unable to stimulate stem cells; in aged mice, however, it is ineffective in both stem and progenitor cells, but enhances the contextual memory and the density of dendritic spines (Encinas et al., 2006; Couillard-Despres et al., 2009; Li et al., 2015; McAvoy et al., 2015; Micheli et al., 2017, 2018a). Interestingly, in a mouse model of global ischemia, fluoxetine is able to completely rescue the decrease of stem and progenitor cells (Khodanovich et al., 2018; see below a mechanism of activation of stem cells by focal ischemia in SVZ described by Llorens-Bobadilla et al., 2015) (Table 1).

In adult SVZ fluoxetine is ineffective as an activator of stem or progenitor cells (Kodama et al., 2004; Nasrallah et al., 2010; Ohira and Miyakawa, 2011); when, however, mice are subjected to a depression-like protocol by forced swim or by corticosterone treatment, then stem cells or progenitor cells, respectively, are activated by fluoxetine, with rescue of depression-like state and of olfactory acuity (Hitoshi et al., 2007; Siopi et al., 2016; Table 2).

Also in view of the antidepressant effect of fluoxetine, intensive research has been performed to investigate the effect of the serotonin pathway on progenitor cell proliferation. 5-HT1A receptors have been shown to be responsible for the activation of progenitor cells in the dentate gyrus by fluoxetine, and also for its antidepressant behavioral effect (Santarelli et al., 2003). It appears that 5-HT1A receptors are mainly involved in the self-renewal of progenitor cells rather than of stem cells, while 5-HT2 affect both their proliferation and differentiation, thus impacting also on neuron survival (Klempin et al., 2010). Paradoxically, the same increase of progenitor cell proliferation is obtained when 5-HT neurons are deleted (reviewed by Song et al., 2017), implicitly indicating that the different 5-HT receptors (about 15 subtypes) have multiple effects and that neurogenic stimuli activating 5-HT1 receptors (running, fluoxetine, enriched environment) are selectively affecting progenitor cells. Moreover, fluoxetine has been demonstrated to downregulate quite selectively the expression of the cell cycle inhibitor p21Cip1, being ineffective on p18Ink4c or p27Kip1 (Pechnick et al., 2011). However, despite the observation that the deletion of p21Cip1 induces the proliferation of stem cells in both the dentate gyrus and the SVZ (Pechnick et al., 2011; Porlan et al., 2013), fluoxetine does not activate stem cells. This may be due either to insufficient downregulation of p21Cip1 by fluoxetine or to the involvement of other quiescence-maintaining signals, such as BMPs. However, the deletion of the cell cycle inhibitor Btg1 enables fluoxetine to activate stem cells in adult and aged dentate gyrus, thus suggesting that the cell cycle control is an end-point control of quiescence pathways (Micheli et al., 2018a; see below section “Interaction Between Genes Controlling Stem Cell Activation in the Dentate Gyrus or SVZ and Neurogenic Stimuli”).



Learning and Enriched Environment as Regulators of Stem Cells in Adult and Aged Dentate Gyrus

Concerning learning or an enriched environment as neurogenic stimuli, there is evidence indicating that they activate neurogenesis in the SGZ (Kempermann et al., 1998; Epp et al., 2007; Thuret et al., 2009; see for review Epp et al., 2013). It has been shown that an enriched environment does not affect the proliferation of stem cells nor progenitor cells, but does increase survival of new neurons generated during learning (Kempermann et al., 1997, 1998; Nilsson et al., 1999; Kronenberg et al., 2003).

Summarizing and commenting the literature about the effect of enriched environment on neurogenesis is difficult due to different experimental conditions, duration of the treatment, and age and gender employed. There are mechanisms in common between environmental enrichment and running, such as activation of neural circuits whose neurotransmitters are acetylcholine or 5-HT (Por et al., 1982; Chaouloff, 1989; Fordyce and Farrar, 1991; Rasmuson et al., 1998), or increase of synaptic plasticity (Vivar et al., 2013; Nelson and Alkon, 2015), but there are also differences, which could explain the different pattern of activation of neurogenesis.

One major difference between exercise and environmental enrichment is for instance that the former, but not the latter, increases the levels of BDNF, which is directly involved in neuron survival and plasticity but only indirectly in progenitor cell proliferation (Bechara et al., 2014). These data were obtained in the absence of exercise. Thus, other components may be involved in the pro-survival effect of environmental enrichment, such as the cyclic adenosine monophosphate response element-binding protein (CREB), or the chemokine Cxcl12 (Zhang et al., 2016). No pro-neurogenic effect of environmental enrichment was observed in the SVZ (Zhang et al., 2016).

Interestingly, however, a more recent report indicates that an enriched environment induces a significant increase of the number of dentate gyrus stem cells (GFAP+Sox2+) as well as of progenitor cells, and an improved spatial memory; this effect is more pronounced if hypoxia precedes exposure to an enriched environment (Salmaso et al., 2012). We should however consider that when physical activity is mixed to environmental enrichment, as occurs in the report by Salmaso et al. (2012), then it becomes difficult to distinguish between the effects of the two stimuli. A further evidence excluding any pro-proliferative direct effect by environmental enrichment shows that its effects on hippocampal-dependent memory are independent on adult neurogenesis (Meshi et al., 2006). Instead, spatial training has been shown to cause an increase of the generation of BrdU-positive cells, which can be interpreted in terms of increased proliferation of progenitor cells (Gould et al., 1999) as well as of increased survival of new neurons (Ambrogini et al., 2000). However, a critical time-window has been identified for spatial training, since if this occurs 1 week after birth, it induces increase of neuron survival, while if occurring in the second week after birth, it decreases survival, probably as a consequence of a competitive integration of one-week old neurons (Döbrössy et al., 2003; Ambrogini et al., 2004; Epp et al., 2007, 2013). It is not clear, however, whether spatial training is able to induce the activation of stem cells, in addition to progenitor cells (Table 1).



Nutrients as Activators of Stem Cells in Adult and Aged Dentate Gyrus and SVZ

As for nutrients, they can have a powerful effect on neurogenesis: caloric/dietary restriction, omega-3 fatty acids (abundant in fish), polyphenols (present in extra virgin olive oil), including flavonoids (contained in wine), all increase neurogenesis (reviewed by Stangl and Thuret, 2009; Dias et al., 2012; Phillips, 2017; Sarubbo et al., 2018). Concerning their ability to stimulate stem cells, it has been shown that, for instance, in the mouse model of Down syndrome and Alzheimer disease Ts65Dn, the natural flavonoid luteolin rescued the decreased production of dentate gyrus stem and progenitor cells and also improved spatial memory as well as novel object recognition ability (Zhou et al., 2019).

Moreover, in a recent study of the effect on dentate gyrus cells of hydroxytyrosol (HTyr), a natural anti-oxidant phenolic compound present in extra virgin olive oil, we observed that HTyr in adult mice increases the number of new neurons by enhancing their survival without effect on the proliferation of stem and progenitor cells (D’Andrea et al., 2020; Table 1). However, in aged mice as well as in the Btg1 knockout neural aging model, HTyr increases not only the survival of new neurons and improves their integration into memory circuits, but also strongly increases the proliferation of stem and progenitor cells and reduces aging markers such as lipofuscin and Iba-1 (D’Andrea et al., 2020; Tables 1, 3). Thus, HTyr is able to counteract the effect of aging on neurogenesis.


TABLE 3. Proliferative activation of stem and progenitor cells by neurogenic stimuli when genes controlling stem cells in dentate gyrus or SVZ are deleted.

[image: Table 3]Similarly, another natural phenolic compound, caffeoylquinic acid, is able to improve spatial memory and induce an increase of the number of dentate gyrus stem cells (BrdU+GFAP+ cells) as well as of neurons (BrdU+NeuN+), in the senescence-accelerated prone eight mouse (SAMP8) (Sasaki et al., 2019; Table 1).

Also Astragaloside VI, belonging to a group of triterpene glycosides, is able to increase after ischemia the number of stem cells (BrdU+GFAP+ and BrdU+Sox2+ cells) in the dentate gyrus and SVZ, rescuing the deficit of spatial memory, with a mechanism that involves the EGF receptor (Chen et al., 2019; Tables 1, 2).

It is worth noting also that the prolonged exposure to caloric restriction in aged mice increases the number of dentate gyrus dividing cells (nestin+, i.e., stem and progenitor cells) but not of neuroblasts (DCX+) in female mice (Park et al., 2013).

Other studies showing increased SGZ neurogenesis by nutrients did not define whether these are able to induce stem cells or not: for instance, omega-3 polyunsaturated acids (n-3 PUFA) increase proliferation of progenitor cells (DCX+), dendritic length, and spatial memory (Cutuli et al., 2014); or the natural green tea epigallocatechin-3-gallate compound appears to increase the number of progenitor cells in the dentate gyrus (Wang et al., 2012).

Overall, rescue of neurogenesis by nutrients in conditions of decreased function, such as neurodegeneration, trauma, ischemia or aging, can lead to activation of stem cells, while in physiological conditions (e.g., HTyr treatment in adult mice) nutrients appear unable to activate stem cells. This latter is somewhat surprising, if we consider that the metabolism plays a great role in the activation of stem cells (Arnold et al., 2015), as indicated by different laboratories, showing that the activation of stem cells depends on the reduction of the oxidative state (Adusumilli et al., 2019 [Preprint]) and on the activation of the metabolism of fatty acids (Knobloch et al., 2017) as well as on the inhibition of glycolysis (Llorens-Bobadilla et al., 2015) or on low density lipoprotein (LDL) downregulation (Engel et al., 2019).

However, we can speculate that in conditions of normal metabolism, nutrients, as a whole or as specific compounds, may result unable to stably alter the homeostasis of the oxidative state or of fatty acids and/or glycolysis sufficiently to trigger activation of stem cells, while in pathological conditions of deregulation, e.g., when neuroinflammation with increased ROS takes place, the system may become less resilient against changes.

In fact, polyphenols exert multiple antioxidant effects, by directly quenching ROS (Hollman et al., 2011), and by inhibiting the enzymes that generate ROS (monoamine oxidase or xanthine oxidase; Sandoval-Acuña et al., 2014), thus linking antioxidant nutrients to the activation of stem cells. It is also worth noting that polyphenols activate SIRT1 (Howitz et al., 2003) which in turn inhibits NF-kB (Chen et al., 2005), whose downregulation reduces the inflammatory state (Xie et al., 2013) and favors the self-renewal of stem cells (Soria-Valles et al., 2015).



Electromagnetic Fields as Activators of Dentate Gyrus Stem Cells

Interestingly, also low frequency electromagnetic fields have been shown to improve spatial learning and memory and enhance hippocampal neurogenesis, including the proliferation of neural stem cells in vitro, possibly through activation of the CREB pathway (Leone et al., 2014; Table 1). Consistently, low frequency electromagnetic fields have been found to induce an increase of proliferation of hippocampal progenitor cells cultured in vitro, from either normal or ischemic brains. It appears that the activation of the AKT pathway is required for the proliferation increase in cultures of progenitor cells from ischemic brains (Cheng et al., 2015). The activation of the AKT pathway, which plays a key role for cell survival signaling, is common to other neurogenic stimuli, such as running (Chen and Russo-Neustadt, 2009) and nutrients (e.g., hydroxytyrosol; Fu and Hu, 2016) indicating the existence of shared mechanism underlying the increase of neurogenesis.



High Intensity Activators of Dentate Gyrus and SVZ Stem Cells

It has moreover been shown that some models of pathological conditions or therapeutic treatments act as strong neurogenic stimuli, which are able to activate stem cells also in adult mice, where “normal” neurogenic stimuli such as running are ineffective. These stimuli include electroconvulsive shock, which leads to massive cell depolarization (Segi-Nishida et al., 2008), traumatic brain injury (in the dentate gyrus, Gao et al., 2009, and in the early postnatal SVZ, Goodus et al., 2015), kainic acid (Hüttmann et al., 2003), and tetanus toxin (Jiruska et al., 2013) injections, which induce seizures, or also clozapine-N-oxide-mediated activation of the Gq protein in stem cells (Dong et al., 2019). Also focal ischemia typically induces an increase of neurogenesis in the dentate gyrus (Kee et al., 2001) as well as in the SVZ (Thored et al., 2006).

In the case of the traumatic brain injury, this stimulus has been observed to alter SVZ proliferation in a variable fashion across species and experiments (Chang et al., 2016). Conversely, the strong enhancement of cell survival by Bax deletion, despite that was driven by nestin promoter in stem/progenitor cells, did not stimulate stem cell proliferation, thus indicating that the Bax-dependent increase of survival is in itself not sufficient to provoke stem cell activation (Sahay et al., 2011a). Of note, brain trauma is able to activate SVZ stem and progenitor cell proliferation, with an increase of the neuroblasts migrating outside the SVZ to the injury site. It appears, however that this did not result in significant neuron replacement, indicating that new strategies are needed to improve the regenerative response (Goodus et al., 2015). Furthermore, it is remarkable that traumatic brain injury can stimulate the generation of stem cells also in the dentate gyrus, while no effect is observed on progenitor cells. As for the underlying mechanism, the authors speculate that the long apical processes of quiescent stem cells extending in the molecular layer of the dentate gyrus may be sensitive to diffusible factors in the microenvironment (Gao et al., 2009). Recently, a very interesting study unveiled a mechanism of activation of stem cells in the SVZ by focal ischemia, showing that dormant/quiescent stem cells progress after ischemia to a primed state, triggered by interferon gamma signaling, after which they are activated; activation occurs following a decrease of Notch and BMP signaling (Llorens-Bobadilla et al., 2015). This report, thus, explains how a strong neurogenic stimulus can indeed activate a population of stem cells physiologically quiescent (see Table 4).


TABLE 4. High intensity activators of dentate gyrus and SVZ stem cells.

[image: Table 4]Moreover, the involvement has been recently shown of Ascl1 (Mash1) in kainic acid stimulation (Andersen et al., 2014). This report shows that Ascl1 is not required for the maintenance of radial glia stem cells, but specifically for their activation. In fact, when a stimulus such as kainic acid (but not running) arrives to the stem cell, Ascl1 expression is induced, and this increase is required for the cell to exit from quiescence. The fact that Ascl1 binds to and activates the promoter of cyclin D2 suggests that Ascl1 triggers the cell cycle activation directly (Andersen et al., 2014).

As a whole these reports suggest that high intensity stimuli exert an integrated control of stem cell activation, active on both quiescence-maintaining and cell cycle genes.



INTERACTION BETWEEN GENES CONTROLLING STEM CELL ACTIVATION IN THE DENTATE GYRUS OR SVZ AND NEUROGENIC STIMULI

How is a neurogenic stimulus such as physical exercise interacting with the network of stem cell quiescence-maintaining genes in the dentate gyrus? Running, when the cell cycle inhibitory genes Btg1 or p16Ink4a are deleted, does activate stem cells above the level attained by knockout sedentary mice (Farioli-Vecchioli et al., 2014; Micheli et al., 2019), but is ineffective when p57Kip2 (Furutachi et al., 2013), or Notch1 (Ables et al., 2010) are ablated; or, in the case of lipocalin 2 (LCN2) knockout, a decrease of stem cells, after 28 days of running, versus sedentary mice is observed (Ferreira et al., 2019; Table 3). This clearly indicates that Btg1 and p16Ink4a prevent activation of stem cells by the wide-range neurogenic stimulus of running, given that their ablation enables stem cells to become responsive to that stimulus. Additionally, in the case of Btg1 and p57Kip2 knockouts, radial neural stem cells undergo a transient expansion (in early postnatal mice for Btg1 knockout and immediately after ablation for p57Kip2 knockout), indicating that these genes maintain stem cells quiescent in basal conditions. Furthermore, as mentioned above, Btg1, Notch1, and p57Kip2 knockouts show a decrease of the dentate gyrus stem cell number in sedentary conditions, either soon after ablation in conditional knockout (Notch1; Ables et al., 2010), or sometime after birth in constitutive knockout (Btg1; Farioli-Vecchioli et al., 2012), or a long time after deletion in p57Kip2 conditional knockout (24 months after; Furutachi et al., 2013). This suggests a depletion of the stem cell pool after prolonged activation, although to different extents. This possibility, however, is contradicted by the prompt reactivation of stem cells elicited by running, at least in Btg1 and in p16Ink4a knockouts, in this latter case in aged mice with physiologically reduced neurogenesis. It is also worth noting that reactivation by running in p16ink4a and Btg1 knockouts appears to be long lasting after the end of the stimulus (Farioli-Vecchioli et al., 2014; Micheli et al., 2019).

In the SVZ, as mentioned above, running is able to activate stem cells in aged but not in adult mice (Brown et al., 2003; Blackmore et al., 2009; Mastrorilli et al., 2017; Table 2). Moreover, the deletion of p21Cip1 or Btg1 enables running to activate adult as well as aged SVZ stem and progenitor cells, with improvement of olfactory circuits and threshold (Mastrorilli et al., 2017; Nicolis di Robilant et al., 2019; Table 3).

Thus, dentate gyrus and SVZ stem cells are normally not activated by running, but become activatable after deletion of specific genes negatively controlling the cell cycle, such as p16Ink4a, Btg1 and p21Cip1. A quiescence-maintaining action on progenitor cells is exerted also by GABAA receptors, whose activation following DBI knockout prevents the proliferative effect on progenitor cells by running (Dumitru et al., 2017; see section “Physical Exercise in the Dentate Gyrus and SVZ” and Table 3). Conversely, 5-HT3 receptors exert a proliferative stimulus on SGZ cells, and their deletion impairs the proliferative activation of progenitor cells by running (Kondo et al., 2015; see section “Physical Exercise in the Dentate Gyrus and SVZ” and Table 3).

Concerning the interaction of fluoxetine with the genes controlling stem cell quiescence, when Btg1 is deleted, fluoxetine acquires the ability to activate dentate gyrus stem cells in adult as well as in aged mice (15-month-old; Micheli et al., 2018a), indicating that Btg1 restrains this neurogenic stimulus from being effective on stem cells (Table 3). Moreover, as mentioned above, fluoxetine treatment inhibits the expression of p21Cip1 in the dentate gyrus, and the deletion of p21Cip1 triggers the proliferation of stem and progenitor cells (Pechnick et al., 2011). The fluoxetine-dependent pro-neurogenic stimulus is controlled by 5-HT1 receptor, as its knockout inactivates the proliferative stimulus of fluoxetine on progenitor cells of the dentate gyrus (Santarelli et al., 2003; Table 3).

Another neurogenic stimulus, HTyr, has been shown to be able to stimulate dentate gyrus stem cells in aged and in the Btg1 knockout mice (see above; D’Andrea et al., 2020; Table 3).

All this supports the concept of a gene network preventing stem cell activation by neurogenic stimuli, not only in the dentate gyrus but also in the SVZ. The idea conveyed by these data is that when cell cycle regulatory genes (e.g., p16Ink4a) are deleted, the pro-proliferative pathways prevail, and stimuli normally unable to activate stem cells, such as running or fluoxetine, become effective. This would perhaps account for the lack of responsiveness of dentate gyrus stem cells to running after deletion of Notch, which does not directly impact on the cell cycle (Ables et al., 2010).



CONCLUSION

It appears that stem cells can be reactivated in the dentate gyrus or SVZ by appropriate stimuli, under conditions, in apparent paradox, favoring their depletion, such as aging or depression, i.e., when neurogenesis is lower, and/or after deletion of quiescence-maintaining genes. For instance, HTyr or running activate stem cells in aged dentate gyrus or aged SVZ, respectively (Blackmore et al., 2009; D’Andrea et al., 2020). Actually, the preservation of the quiescent state of stem cells appears less effective when the system is aging or carrying mutations, i.e., when a neurogenic stimulus can activate also stem cells.

A deforestation theory has been proposed, whereby the age-dependent decline in neurogenesis can be ascribed to a diminution of the pool of stem cells that are being activated, mainly for incapability to divide (Lugert et al., 2010) or for conversion to astrocytes (Encinas et al., 2011; Encinas and Sierra, 2012). The number of proliferating stem cells is certainly reduced during aging (e.g., see Lugert et al., 2010 or Micheli et al., 2018a). Nevertheless, stem cells can be reactivated in large numbers following a neurogenic stimulus, as mentioned above; other examples of reactivation during aging are by kainic acid (Lugert et al., 2010), or by running in p16Ink4a-null dentate gyrus and in p21Cip1-null SVZ (Micheli et al., 2019; Nicolis di Robilant et al., 2019); furthermore, a short VEGF preconditioning allows the rescue of the age-induced quiescence of neural stem cells of the dentate gyrus without causing depletion (Licht et al., 2016).

This would suggest that during aging there is, rather than an incapability of stem cells to expand (Encinas and Sierra, 2012; Lugert et al., 2010), an increased need and/or presence of conditions safeguarding from stimuli, which are enforced by genes such as the cell cycle inhibitors p16Ink4a or p21Cip1. In fact, p16Ink4a expression increases during aging (Molofsky et al., 2006), plausibly in response to a reduced ability of the system to maintain the stem cell pool in homeostasis. A functional reason for this attempt to preserve quiescence may also be the maintenance of the existing hippocampal memory circuitry, favoring the current situation versus renewal.

It appears, moreover, that strong conditions in favor of stem cell activation (e.g., p57Kip2 long-term deletion or kainic acid treatment; Furutachi et al., 2013; Sierra et al., 2015), do not achieve a complete pool depletion, suggesting that stem cells are resilient to exhaustion. It should be also noted that neural stem cells in tumors survive extensive irradiation and, given the appropriate stimulus, they will restart dividing even after several years of quiescence (Aguirre-Ghiso, 2007). Thus, a possibility which should be thoroughly tested is whether stem cells of the neurogenic niche may, even after a great number of rounds of proliferation, resume dividing following a period of quiescence and attain expansion from a few remaining cells.

The resilience of the neural stem cell pool is an issue of therapeutic relevance, not only for aging, but also in light of the correlation observed between neurogenesis and depression, and of the possibility to choose an appropriate neurogenic stimulus (e.g., diet or physical exercise).

More generally, the data available show that the activation of stem cells can be elicited by normal stimuli after deletion of cell cycle inhibitory genes – thus allowing proliferative signals to prevail (e.g., 5-HT) – or directly by strong stimuli. These latter, apparently, are able to bypass the inhibition of the cell cycle, as shown for kainic acid treatment, which, in SGZ and SVZ stem cells activates Ascl1 that in turn activates directly cyclin D2 (Andersen et al., 2014). Another example of a mechanism of direct activation of stem cells is that provided by Llorens-Bobadilla et al. (2015), whereby interferon gamma signaling is induced in the SVZ after ischemia. Moreover, it is also plausible that, as previously suggested, different sets of stem cells respond to different stimuli (Lugert et al., 2010), thus providing a different response according to the intensity and quality of the stimulus. We cannot exclude that cell cycle inhibitory genes may maintain the quiescence of specific subpopulations of stem cells; gene deletion driven by specific markers will be necessary to assess this possibility.
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Neural progenitor cells (NPCs) play a central role during the development and evolution of the mammalian neocortex. Precise temporal and spatial control of NPC proliferation by a concert of cell-intrinsic and cell-extrinsic factors is essential for the correct formation and proper function of the neocortex. In this review, we focus on the regulation of NPC proliferation by neurotransmitters, which act as a group of cell-extrinsic factors during mammalian neocortex development. We first summarize, from both in vivo and in vitro studies, our current knowledge on how γ-aminobutyric acid (GABA), glutamate and serotonin modulate NPC proliferation in the developing neocortex and the potential involvements of different receptors in the underlying mechanisms. Another focus of this review is to discuss future perspectives using conditionally gene-modified mice and human brain organoids as model systems to further our understanding on the contribution of neurotransmitters to the development of a normal neocortex, as well as how dysregulated neurotransmitter signaling leads to developmental and psychiatric disorders.

Keywords: neocortex, neurotransmitter, neural progenitor cell, cell proliferation, development


INTRODUCTION

During mammalian brain development, the formation of the central nervous system (CNS) results from a series of events, which begins with the neural induction and the proliferation of the NPCs (Goodman and Shatz, 1993). In the early developing neocortex, neuroepithelial cells (NECs) function as the primary NPCs and undergo symmetric proliferative divisions to expand the neocortical NPC pool (Götz and Huttner, 2005; Lui et al., 2011; Florio and Huttner, 2014). At the onset of neurogenesis, NECs transform into apical (or ventricular) radial glia (aRG), which undergo mitosis at the ventricular surface and reside in the ventricular zone (VZ) of the developing neocortex (Götz and Huttner, 2005; Rakic, 2009; Lui et al., 2011; Florio and Huttner, 2014; Wilsch-Bräuninger et al., 2016). In virtually all mammals, aRG are thought to possess high proliferative capacity to both amplify themselves and give rise to basal progenitors (BPs), including basal intermediate progenitors (bIPs) and basal (or outer) radial glia (bRG) (Götz and Huttner, 2005; Rakic, 2009; Fietz et al., 2010; Hansen et al., 2010; Lui et al., 2011; Reillo et al., 2011; Florio and Huttner, 2014; Wilsch-Bräuninger et al., 2016). BPs delaminate from the ventricular surface and migrate to the subventricular zone (SVZ), where they typically reside and undergo mitosis to give rise to cortical neurons, which are destined for six different cortical layers (Götz and Huttner, 2005; Rakic, 2009; Lui et al., 2011; Florio and Huttner, 2014; Wilsch-Bräuninger et al., 2016). At later stages of development, either following neurogenesis or concomitant with still ongoing neuron production, NPCs switch their fate to generate glial cells, such as astrocytes and oligodendrocytes (Lee et al., 2000). In order to guarantee the proper construction of the complex neocortex, each step in this developmental sequence must be under precise spatial and temporal regulation. While significant progress has been made in understanding how NPC–intrinsic factors contribute to a balanced NPC proliferation, there are still open questions about the regulation of NPC proliferation by environmental cues, such as neurotransmitters.

Among several categories of cell-extrinsic signals, neurotransmitters have gained attention as important factors to influence CNS development (Cameron et al., 1998; Nguyen et al., 2001; Ojeda and Avila, 2019), although the classic role of neurotransmitters is in neuronal communication by acting as synaptic chemical messengers in the mature CNS. Indeed, neurotransmitters mediate developmental processes such as cell proliferation (Haydar et al., 2000), neuronal differentiation (Salazar et al., 2008), neuronal migration (Komuro and Rakic, 1993; Murthy et al., 2014), synaptic maturation (Fu et al., 2012), neurite growth (Anelli et al., 2013) and cell death (Ikonomidou et al., 2001). For example, serotonin controls the migration of caudal ganglionic eminence-derived interneurons into the neocortex (Murthy et al., 2014). The GABA receptors along developing inhibitory axons sense GABA release and promote presynaptic maturation to shape the pattern of synapse formation and distribution (Fu et al., 2012). Glutamate induces neuronal apoptosis, which is mediated via activation of calpain and caspase-3 proteases as well as the translocation of apoptosis inducing factor (Zhang and Bhavnani, 2006). Several recent studies strongly suggest that neurotransmitters could act as growth regulators or morphogen-like signaling molecules to regulate NPC proliferation during cortical development (Represa and Ben-Ari, 2005; Côté et al., 2007). In this review, we summarize our current knowledge on the regulation of neocortical NPC proliferation by different neurotransmitters during mammalian brain development and discuss future research perspectives in studying the involvement of neurotransmitters in neocortical development under both physiological and pathological conditions. We do not discuss in detail the synthesis and metabolism of any individual neurotransmitter, nor their role in other developmental processes beside progenitor proliferation, as these aspects have been intensively reviewed previously (Cameron et al., 1998; Nguyen et al., 2001; Represa and Ben-Ari, 2005; Ojeda and Avila, 2019).



NPC PROLIFERATION REGULATED BY NEUROTRANSMITTERS


GABA

During mammalian brain development, GABA, the main inhibitory neurotransmitter in the mature brain, excites cortical cells due to the high expression level of the Na+-K+-2Cl– cotransporter (NKCC1) (Hübner et al., 2001) and low expression level of K+-Cl– transporter member five (KCC2) (Owens and Kriegstein, 2002; Lee et al., 2005). As one of the most abundant neurotransmitters detected in the developing brain, GABA appears in the germinal zones, intermediate zone and layer I of the cortical plate during early stages of development (Haydar et al., 2000). Starting as early as E9.5 in mice, the GABAergic neurons generated from subcortical structures are gradually migrating into the developing neocortex, and these neurons could serve as the source of releasable GABA in the neocortical wall (Tanaka and Nakajima, 2012).

Although GABA is the most studied neurotransmitter in the context of regulating the proliferation of NPCs, there is apparent controversy about the trophic effect of GABA during neocortical development. Upon binding of GABA to GABAA receptors, which in cultured E16–E19 rat neocortical tissue explants have been shown to be expressed in the VZ NPCs (presumably in aRG), Cl– ions diffuse through these ion channels along their concentration gradient (LoTurco et al., 1995). The NPCs in the VZ of developing rat neocortex thus lose intracellular Cl–, which leads to membrane depolarization and the increase of intracellular Ca2+ concentration through the activation of voltage-gated calcium channels (VGCCs) (LoTurco et al., 1995). This increase of intracellular Ca2+ concentration, induced by GABA, is potentially involved in the inhibition of DNA synthesis of VZ NPCs and decreases their proliferation rate in the cultured tissue explants of developing rat neocortex (LoTurco et al., 1995). The same study also reported that the effects of GABA in inhibiting DNA synthesis in VZ NPCs can be blocked by modulating the Cl– concentration using a GABAA receptor antagonist (LoTurco et al., 1995). In line with this, another study (Andang et al., 2008) suggested that GABA inhibits cell cycle progression and therefore decreases proliferation of mouse embryonic stem cells and neural crest stem cells, which express glutamic acid decarboxylase (GAD) and functional GABAA receptors. The underlying mechanisms include phosphorylation of the critical factor in the S/G2 DNA-damage checkpoint complex, histone H2AX, by phosphatidylinositol-3-OH-kinase-related kinase (PIKK) upon membrane hyperpolarization following GABAA receptor activation (Andang et al., 2008). It has recently been shown that mouse VZ NPCs become more hyperpolarized at later developmental stages and that experimental membrane hyperpolarization shifts the transcriptional program and division mode of VZ NPCs to a later developmental stage, in which VZ NPCs generate two daughter IPs instead of amplifying themselves (Vitali et al., 2018).

However, it has also been reported that GABAA receptor activation stimulates cell proliferation and renewal in a culture system of isolated NPCs from developing mouse brain. The increased proliferation rate was found to be due to an up-regulation of ciliary neurotrophic factor (CNTF) receptor expression, which in turn enhanced the trophic effect of CNTF (Fukui et al., 2008b). A follow-up study from the same research group further showed that GABAB receptor activation led to a significant increase in the capacity of isolated mouse cortical NPCs in forming neurospheres, which has been supported by the analyses of GABABR1-null mice (Fukui et al., 2008a). Thus, in the isolated mouse NPC culture system, GABA seems to be able to increase the proliferation of these progenitors through two separate mechanisms involving the recruitment of different types of GABA receptors and different growth-stimulating factors. The synthesis and release of growth factors and neuropeptides from NPCs in the developing neocortex can indeed be stimulated by neurotransmitters and may play a role in regulating NPC proliferation together with neurotransmitters (Fukui et al., 2008b; Yuzwa et al., 2016).

Regarding the contradicting findings between these studies, obvious explanations beside species differences would be the micro-environmental difference between tissue explant culture and isolated NPC culture, where different NPC populations are being studied, as well as the difference in developmental stage. Nevertheless, all these in vitro studies suggest that there is a direct effect of GABA in regulating NPC proliferation, with the direction of the effect being species-, region- and environment-dependent. However, surprisingly, gene-modified mice which have only 0.02% of GABA circulating in the embryonic brain due to the knockdown of the GABA-synthesizing enzymes GAD65 and GAD67 did not show altered brain histogenesis, including cortical layering (Ji et al., 1999). A possible explanation of the lack of adverse phenotypes could be that other neurotransmitter systems compensate for the malfunction induced by the loss of GABA, including modulation of cortical NPC proliferation and migration, possibly by glutamate and glycine, both of which are able to depolarize NPCs in the germinal zones of developing rodent neocortex (LoTurco et al., 1995; Flint et al., 1998). In addition, a more rigorous evaluation of cellular morphology and ultrastructure, cell density as well as the cellular composition of the developing neocortex is needed to further uncover developmental defects of these GAD-knockdown mice.

The alterations in proliferation of neocortical NPCs induced by the external application of GABA in vitro demonstrated that GABA has the potential to directly regulate NPC proliferation, a conclusion consistent with the finding that the opposite effects are observed upon blocking GABA receptors (LoTurco et al., 1995). This suggests that endogenously synthesized GABA in the developing neocortex regulates neurogenesis in rodent germinal zones, including both VZ and SVZ. Interestingly, the effects of GABA on NPC proliferation are completely opposite in the VZ NPCs (aRG) versus SVZ NPCs (BPs) of developing mouse neocortex, potentially due to activation of different receptor subtypes (Figure 1) and triggering different signaling mechanisms (Haydar et al., 2000). For example, the most highly expressed GABA receptor subunits in the mouse NPC populations are GABRA2 and GABRG2, both of which showed a relatively higher expression level in BPs (bRG and bIP) compared to APs (aRG). Thus, depending on the in vitro experimental conditions or the in vivo environment that the NPCs reside in, GABA signaling may exhibit different impacts on the proliferation of NPCs in developing neocortex.
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FIGURE 1. Previously published set of transcriptomic data (Florio et al., 2015; Albert et al., 2017) were analyzed here for the mRNA expression levels of neurotransmitter receptors in embryonic mouse and fetal human neocortex. FPKM values of neurotransmitter receptors in the indicated isolated cell populations of embryonic mouse (E9.5 for NEC, E14.5 for aRG, bRG, bIP and N) and fetal human (12–13 wpc) neocortex are indicated by the color scale shown at bottom right. Note that N (neuronal fraction) in fetal human neocortex includes bRG in the G1 phase of the cell cycle. Key observations from the analyses can be summarized as follows. (1) Four neurotransmitter receptors, GRIA3, GRIK2, CHRNA1, and P2RX4, were found to be expressed in mouse NECs, however, at low levels (FPKM = 3.9, 5.1, 6.6, 5.5, respectively). This suggests that the involvement of neurotransmitter signaling in NEC expansion during mouse cortical development is presumably limited. (2) Of the neurotransmitter receptors that are expressed in both embryonic mouse and fetal human neocortex, the majority showed the highest expression levels in the N fraction, such as GABRA2, GABRB3, GABRG2, GRIA2, GRIK3, and GLRA2. These receptors are most likely expressed on the cell surface of neurons where they may receive the respective neurotransmitter signal. (3) All human neurotransmitter receptor-encoding genes presented in the figure have orthologs in mouse. Thus, an expression observed in one species but not the other indicates a differential expression pattern of the neurotransmitter receptor between cortical cells in mouse and those in human. For example, GABRA5, GABBR2, GRM2, GRM3, CHRNB1, and ADRA2A are potentially involved in neuronal functions only in human, but not mouse, during neocortical development. In contrast, GRIN2B, CHRNB2, and DRD1 are potentially involved in neuronal functions only in mouse, but not human, during neocortical development. (4) Of the neurotransmitter receptors only expressed in fetal human but not embryonic mouse neocortex, GABRP, HTR2A, ADRA1A, P2RX7, and CNR2 showed a greater expression in aRG and/or bRG than in N, which raises the possibility that the activation of these receptors could be of relevance for NPC proliferation during the development and even the evolutionary expansion of the human neocortex.




Glutamate

Glutamate is the main excitatory neurotransmitter in the mature CNS. Through binding to different types of receptors, glutamate is essential for maintaining various cognitive functions including learning and memory (Riedel et al., 2003; Mattson, 2008). Glutamate receptors can be categorized into two main classes: (1) ionotropic glutamate receptors (iGluR), which include three types of receptors: N-methyl-D-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors, and kainic acid (KA) receptors; and (2) metabotropic glutamate receptors 1–8 (mGluR1–8) (Riedel et al., 2003).

During development, glutamate is detectable in the germinal zones of developing mouse neocortex as early as E12, potentially released by the Cajal-Retzius cells in the marginal zone (del Rio et al., 1995; Haydar et al., 2000). Among iGluRs, AMPA/KA receptors are the first ones to appear and are highly expressed by NPCs in the germinal zones of the embryonic rodent and fetal human neocortex (Figure 1) (LoTurco et al., 1995; Haydar et al., 2000; Maric et al., 2000). Through activating AMPA/KA receptors, glutamate decreases DNA synthesis of the NPCs in the germinal zones, and hence their proliferation, in rat organotypic slice cultures (LoTurco et al., 1995; Haydar et al., 2000).

The NMDA receptor is also involved in regulating NPC proliferation in developing mouse neocortex, albeit indirectly. Calcium imaging in cultured mouse neocortical slices suggested that MAP2–positive cortical neurons, but not nestin–positive NPCs in the VZ, are responsive to an NMDA antagonist (Hirasawa et al., 2003). Through regulating the expression levels of components of the Notch pathway and increasing the synthesis of brain-derived neurotrophic factor (BDNF), chronic exposure to the NMDA antagonist caused sustained proliferation of NPCs in the VZ (Hirasawa et al., 2003). In line with the finding that NMDA receptor activation inhibits cortical NPC proliferation in the developing mouse neocortex, NPCs isolated from developing rat neocortex, which are believed to transiently express NMDA receptor subunits, also showed a decreased proliferation when exposed to an NMDA receptor agonist (Yoneyama et al., 2008).

In contrast, elongated GFAP–positive NPCs, presumably radial glial cells, that express NMDA receptor subunits, dissociated from fetal human neocortex, responded to glutamate and an NMDA antagonist in a completely opposite manner compared to mouse NPCs. Glutamate significantly enhanced the proliferation rate of isolated human NPCs in vitro, and the increased proliferation could be inhibited by a specific NMDA receptor antagonist (Suzuki et al., 2006). The same study also showed that AMPA receptors, KA receptors and mGluRs are most likely not involved in the proliferation of radial glial cells induced by glutamate (Suzuki et al., 2006).

Among the mGluRs, it has been reported that mGluR5 is involved in the modulation of NPC proliferation in developing rat and human neocortex, where this receptor is expressed (Figure 1) (Boer et al., 2010; Zhao et al., 2011, 2012). In human, mGluR5 activation stimulates both ERK and JNK pathways, which leads to promotion of NPC proliferation. The human NPCs with activated mGluR5 also showed an increased level of cyclin D1, which results in cell cycle progression underlying the increased proliferation of NPCs (Zhao et al., 2011). In mouse, blocking mGluR5 function by a selective mGluR5 antagonist reduced proliferation and increased cell death of mouse forebrain NPCs during development, while the activation of mGluR5 increased the number of proliferating NPCs (Di Giorgi-Gerevini et al., 2005). In line with this, NPCs of mGluR5 knockout mice also exhibited decreased proliferation compared to those of wildtype mice, both in vitro and in vivo (Di Giorgi-Gerevini et al., 2005).



Serotonin

Serotonin has been postulated to exert a role in cortical development, as cortical serotonin arises from placental sources at the onset of neurogenesis and from embryonic serotonergic afferents at later developmental stages in both mouse and human (Bonnin et al., 2011). Even though both the endogenous serotonin system in the embryonic hindbrain and placenta can be sources to supply the embryonic forebrain with sufficient serotonin starting from E10.5 and throughout the development of the mouse brain (Bonnin et al., 2011), there are no serotonin receptors, of any subtype, expressed at significant levels in the germinal zones of the developing mouse neocortex (Figure 1) to receive and amplify the readily available serotonin signals (Bonnin et al., 2011; Fietz et al., 2012; Florio et al., 2015). This has also been suggested by data from early in vitro studies using a rat organotypic slice culture system, which have shown no effect of serotonin on cortical NPC proliferation as the number of BrdU-labeled cells were similar between serotonin-treated and untreated rat neocortex slices (Dooley et al., 1997).

However, in vivo studies aiming to understand the effects of serotonin on cortical development using transgenic mouse models with altered serotonin levels in the embryonic neocortex have suggested that the proliferation rate of cortical progenitors is decreased by serotonin (Côté et al., 2007; Cheng et al., 2010). A double knockout mouse model for the serotonin-degrading enzymes, monoamine oxidase A (MAOA) and monoamine oxidase B (MAOB), exhibited significant reductions in Sox2–positive cells and Tbr2–positive bIPs in the SVZ at E17.5 and P2, but not at earlier developmental stages (Cheng et al., 2010). Although MAO metabolizes both serotonin and dopamine, it was suggested that the decrease in NPC abundance in MAO knockout mice was indeed caused by the increased level of serotonin, not dopamine (Cheng et al., 2010). In contrast, however, a knockout mouse model for the serotonin-synthesizing enzyme tryptophan hydroxylase 1 (TPH1) also showed a decreased number of BrdU-positive cortical progenitors in the VZ (Côté et al., 2007), which leaves the role of serotonin in NPC proliferation unclear.

Compared to the contribution of serotonin and its receptors to neuronal migration and maturation, for which there are several studies, very little is known about the effects of serotonin on the proliferation of cortical NPCs. Recent comparative transcriptomic studies have revealed a differential expression pattern of serotonin receptor 2A (HTR2A) in cortical NPCs between mouse and human (Florio et al., 2015; Mayer et al., 2019), which may point to a potential role of serotonin and HTR2A in regulating proliferation of human NPCs. However, no effects on progenitor proliferation have been observed when treating cultured human neocortical slices with one particular specific HTR2A agonist (Mayer et al., 2019). More thorough studies using other agonists or serotonin are needed before reaching a final conclusion, especially due to the fact that multiple pathways are coupled to HTR2A receptor activation. In line with this, a recent study (Farrelly et al., 2019) identified a direct role of serotonin, which was independent from its function in neurotransmission and cellular signaling, in modifying histone proteins and, consequently, regulating gene expression. Findings on histone serotonylation have revealed a wide array of mechanisms for future investigations on cortical NPC proliferation modulated by serotonin (Farrelly et al., 2019).



OUTLOOK AND FUTURE RESEARCH DIRECTIONS

Over the past few years, our view of NPCs during neocortical development has massively changed. The advancements in neuroimaging and single-cell transcriptomic analyses have enabled us to reveal more detailed profiling and characterization of different NPC types in different mammalian species (Fietz et al., 2012; Pollen et al., 2014; Florio et al., 2015; Nowakowski et al., 2017). This has provided foundations for further studies on the regulation of proliferation of different NPC types by neurotransmitters, and potentially in different model systems. This is true, in particular, when there are differential expression patterns of neurotransmitter receptors among different NPC populations or among different species, such as between mouse and human (Figure 1).


Conditionally Gene-Modified Mouse Models

Various genetically engineered mouse models with disrupted neurotransmitter signaling have been generated to study the role of neurotransmitters in brain development (Ji et al., 1999; Di Giorgi-Gerevini et al., 2005; Côté et al., 2007; Cheng et al., 2010). However, systematically knocking out neurotransmitter-synthesizing or -degrading enzymes and neurotransmitter receptors in the whole organism is not ideal for studying the developing neocortex, since depleting or elevating the level of a particular neurotransmitter could potentially induce secondary alterations that may also bear significant impact on cortical development. Thus, it might be necessary to generate conditionally gene-modified mouse models that allow disruption of neurotransmitter signaling in a temporally and spatially more controlled manner. For example, glutamate decreases NPC proliferation through AMPA receptor activation, but increases NPC proliferation through mGluR5 activation (LoTurco et al., 1995; Di Giorgi-Gerevini et al., 2005). By conditionally knocking out the respective AMPA receptor and overexpressing mGluR5 exclusively in one specific NPC type, the proliferation-inhibiting AMPA receptor-coupled signaling could be abolished and the mGluR5-induced proliferation-stimulating signaling could be amplified, with the level of glutamate in the gene-modified animal remaining the same. These conditionally gene-modified mouse models could provide us with much more insight into the molecular mechanism of glutamate-regulated NPC proliferation and allow us to focus on studying the effects of glutamate in one particular NPC type.



Human Brain Organoids as a Model System

Compared to human, rodents such as mouse and rat, the most commonly used experimental mammalian animals in developmental neuroscience, have a relatively small and smooth (lissencephalic) neocortex. In contrast, many primates, including human, have a folded (gyrencephalic) neocortex that is expanded in size (Florio and Huttner, 2014). Furthermore, the proportion of bRG among the BPs and their proliferative capacity are dramatically different between rodent and human (Fietz et al., 2010; Hansen et al., 2010). Therefore, in order to understand how human neocortex grows during development and expands during evolution, it is necessary to study the influence of neurotransmitters on NPC proliferation in fetal human neocortex. The development of brain organoids (Kadoshima et al., 2013; Lancaster et al., 2013) has opened up new avenues to study human neocortex development and evolution as well as neurodevelopmental disorders. Human brain organoids serve as a good, although not ideal, model which mimics certain aspects of the cytoarchitecture and cell-type composition of the developing human neocortex. Potential applications of wildtype and gene-modified brain organoids are feasible for studying the roles of neurotransmitters and their receptors in human NPC proliferation ex vivo.



Neurotransmitters, Neocortex Malformations and Psychiatric Disorders

Neocortex malformations, which are thought to be caused by alterations of NPC proliferation and abundance, are featured in several neurological or psychiatric disorders such as epilepsy, Down syndrome and autism spectrum disorders (ASD) (Pinson et al., 2019). Some of these disorders also show altered levels of neurotransmitters in the CNS. For example, autism patients show a deceased level of GABA in the left perisylvian region of the auditory cortex (Rojas et al., 2014), and GABA receptor subunit genes on chromosome 15q11-q13 are considered risk factors for autistic disorders (Ashley-Koch et al., 2006). Moreover, altered levels of glutamate and serotonin as well as the functional deficiency or dysregulation of their receptors have also been suspected to be involved in ASD (Jamain et al., 2002; Yang et al., 2014; Zheng et al., 2016). It is plausible that the above mentioned neurotransmitter imbalance in ASD is caused by neocortex malformations with reduced abundance of neurotransmitter-secreting neurons, especially in cases linking maternal drug intake or exposure to developmental toxicants to neurodevelopmental disorders. For example, prenatal exposure to ethanol causes a spectrum of physical and mental dysfunctions in children, including pre- and postnatal growth delay, microcephaly, mental retardation and various behavioral abnormalities, which are due to the loss of specific cortical neurons and dysregulation of neuronal migration, such as GABAergic neurons (Shenoda, 2017), inhibition of the neurotrophic properties of glutamate, or the activation of specific GABA receptors (Ikonomidou et al., 2000).

One interesting question that can be raised from connecting neocortex malformations, induced by dysregulated NPC proliferation, with altered levels of neurotransmitters in developmental disorders is: Could disrupted neurotransmitter signaling during cortical development be the causative factor for disorders like autism? To further understand the influences of neurotransmitters in neurodevelopmental disorders like autism, we can now take advantage of the option to generate cerebral organoids from patient-derived induced pluripotent stem cells (iPSCs) to model the disorder and study the neocortex malformation and neurotransmitter imbalance involved in the disorder.



CONCLUDING REMARKS

Over the past few years, the dissection of NPC cell biology during the development of the mammalian neocortex has given us substantial insights into the spatial and temporal control mechanisms of NPC proliferation by the concert of cell–intrinsic and cell–extrinsic factors. Studies on the developmental actions of neurotransmitters have also further advanced our understanding on how the growth of the neocortex can be affected by these extrinsic factors. Looking forward, with promising concepts and platforms being established, more comprehensive and integrative interpretations on how neurotransmitters maintain normal CNS development and protect against cortical dysfunction could be achieved. Learning more about the roles that neurotransmitters play during human cortical development will not only provide valuable knowledge for understanding our own cognitive abilities, but also shed light on the development of pharmacological interventions against a number of human neurodevelopmental disorders.
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Neurogenesis is a complex sequence of cellular processes and behaviors driven by the coordinated expression of conserved effectors. The bipolar tail neurons (BTNs) of Ciona develop according to a highly dynamic, yet highly stereotyped developmental program and thus could serve as an accessible model system for neurogenesis, including underlying cell behaviors like neuronal delamination, migration, and polarized axon outgrowth. Here we investigate both the upstream events that shape BTN neurogenesis through spatiotemporal regulation of the conserved proneural factor Neurog, spatiotemporal, and the gene expression profile of differentiating BTNs downstream of Neurog activity. We show that, although early FGF signaling is required for Neurog expression and BTN specification, Fgf8/17/18 is expressed in tail tip cells at later stages and suppresses sustained Neurog expression in the anterior BTN (aBTN) lineage, such that only one cell (the one furthest from the source of Fgf8/17/18) maintains Neurog expression and becomes a neuron. Curiously, Fgf8/17/18 might not affect neurogenesis of the posterior BTNs (pBTNs), which are in direct contact with the Fgf8/17/18-expressing cells. Finally, to profile gene expression associated with BTN neurogenesis we performed RNAseq of isolated BTN lineage cells in which BTN neurogenesis was enhanced or suppressed by perturbing Neurog function. This allowed us to identify several candidate genes that might play conserved roles in neurogenesis and neuronal migration in other animals, including mammals.
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INTRODUCTION

In spite of an emerging picture of the molecular mechanisms of cell fate specification and morphogenesis in neurodevelopment, it is not well understood how these pathways are regulated in different developmental contexts. The simple embryos of the invertebrate chordate Ciona are tractable for high-resolution functional genomics (Reeves et al., 2017; Horie et al., 2018; Racioppi et al., 2019; Wang et al., 2019) and in vivo imaging (Cota and Davidson, 2015; Hashimoto et al., 2015; Veeman and Reeves, 2015; Mizotani et al., 2018; Bernadskaya et al., 2019), and have been increasingly used to investigate the regulation of cell behaviors in development (Bernadskaya and Christiaen, 2016). Furthermore, their classification in the tunicates, the sister group to the vertebrates (Delsuc et al., 2006), means they share with vertebrates many chordate-specific gene families, cell types, organs, and developmental processes (Ermak, 1977; Ogasawara and Satoh, 1998; Christiaen et al., 2002; Hervé et al., 2005; Dufour et al., 2006; Kugler et al., 2008; Stolfi et al., 2010, 2011, 2015; Razy-Krajka et al., 2012; Tolkin and Christiaen, 2012; Abitua et al., 2015), particularly their larval central nervous system (CNS), a miniaturized but typically chordate CNS containing only 177 neurons (Figure 1a; Ryan et al., 2016). Ciona are thus model organisms well-suited to the study of potentially conserved, chordate-specific gene regulatory networks controlling neurogenesis and associated cell behaviors during neurodevelopment.
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FIGURE 1. Ciona Bipolar Tail Neurons and the larval nervous system. (a) Cartoon diagram of Ciona larval nervous system based on (Ryan et al., 2016), showing approximate positions of posterior BTNs (pBTN), and anterior BTNs (aBTNs). (b) GAD > RFP (Zega et al., 2008) and VAChT > Unc-76:GFP (Kratsios et al., 2012) reporters label GABAergic aBTNs and cholinergic pBTNs, respectively. Note that due to mosaic incorporation of the reporter plasmids in this particular individual, VAChT > Unc-76:GFP is not expressed in the cholinergic neurons of the core Motor Ganglion, whose axons normally would obscure the BTNs. (c) Magnified view of neurons boxed in (b). (d) Confocal image of migrating BTNs in tail tip of a tailbud (11.5 hpf at 18°C, equivalent to ∼10.5 hpf at 20°C) embryo electroporated with Neurog[BTN] > Unc-76:GFP (green). (e) Relative position of Golgi apparatus is posterior to the nucleus in the BTNs during their migration forward (∼11.5 hpf at 18°C or 10.5 hpf at 20°C), then (f) becomes anterior to each nucleus during distal process extension (∼13.5 hpf at 18°C or 12 hpf at 20°C). Larva diagram illustration by Lindsey Leigh.


To study these processes in Ciona neurons, we have focused on the Bipolar Tail Neurons (BTNs, Figures 1b,c). The BTNs are two bilateral pairs of neurons located along the tail nerve cord and derive their name from the two long processes they extend in opposite directions along the anterior-posterior axis. Each left/right pair is comprised of a GABAergic anterior BTN (aBTN) and a cholinergic posterior BTN (pBTN) that arise from separate but adjacent lineages (Figure 1d). The BTNs are proposed homologs of vertebrate dorsal root ganglia (DRG) neurons, based on their developmental origin from the neural crest-like cells, their early expression of Neurogenin (Neurog) family of proneural transcription factors, their morphogenesis, and their role in relaying peripheral sensory information to the CNS (Stolfi et al., 2015). Like neural crest-derived DRG neurons in vertebrates, BTNs delaminate from the dorsal midline ectoderm and migrate along paraxial mesoderm as a simple chain comprised of the aBTN followed by the pBTN (Figure 1d), achieving their unique morphology by first extending a neurite anteriorly (Figure 1e), then reversing polarity and extending a neurite posteriorly (Figure 1f).

It was previously shown that FGF/ERK signaling regulates BTN lineage specification and cell fate choice (Stolfi et al., 2015). Early treatment (5 h post-fertilization, or hpf, at 20°C, equivalent to the St.12 mid-gastrula stage) with the MEK inhibitor U0126 abolished Neurog expression and BTN specification. In contrast, later treatment (7 hpf 20°C, St.16 late neurula) with U0126 paradoxically resulted in ectopic, sustained Neurog expression within the BTN lineage, resulting in the specification of supernumerary BTNs at the expense of other cells in the lineage. The roles of other signaling pathways in specifying BTN fate are not yet clear. For instance, Delta/Notch perturbation does not appear to affect BTN specification or differentiation (Stolfi et al., 2015).

The dynamic, opposing roles of FGF/ERK signaling in controlling BTN specification and differentiation is consistent with several observations on the paradoxical roles of FGF in regulating vertebrate neurogenesis (Diez del Corral and Morales, 2017), as well as other tissues in Ciona, for instance the heart (Davidson et al., 2006; Razy-Krajka et al., 2018). For instance, early FGF signaling is required for specification of neuromesodermal precursors (Storey et al., 1998; Boulet and Capecchi, 2012; Sasai et al., 2014). However, sustained FGF signaling in these cells later promotes a mesoderm fate over neuronal fate (Boulet and Capecchi, 2012; Henrique et al., 2015), as it does in the Ciona neuromesodermal “A9.32” blastomeres that give rise to motor neurons and paraxial tail muscles (Hudson et al., 2007; Navarrete and Levine, 2016). Similarly, FGF signaling is required for neural crest specification (Sasai et al., 2014), but sustained FGF signaling in the dorsal neural tube keeps cells in an uncommitted, non-neural crest state (Martínez-Morales et al., 2011). Thus, the regulated downregulation of FGF signaling in these cells promotes delamination and migration of neural crest cells, including those that will give rise to DRG neurons (Martínez-Morales et al., 2011). Finally, downregulation of FGF signaling has been shown to be crucial for mitotic exit and neuronal differentiation in both vertebrates (Diez del Corral et al., 2002) and Ciona (Stolfi et al., 2011).

It was also previously shown that sustained expression of Neurog is necessary and sufficient for BTN specification, delamination, and migration, as supernumerary BTNs generated by ectopic Neurog overexpression engage in these same stereotyped behaviors (Stolfi et al., 2015). In vertebrates, Neurog2 is activated in delaminating mammalian neural crest cells, long before commitment to a neuronal fate (Soldatov et al., 2019). Neurog1/Neurog2 are also expressed in committed DRG progenitors as they migrate through somatic mesoderm and begin to differentiate into their bipolar (more accurately pseudounipolar) shape to transmit sensory information from peripheral tissues to the CNS (Ma et al., 1999). Therefore, Neurog factors might be activating conserved regulatory “programs” for migration, polarization, and axon outgrowth of neural plate border-derived sensory neurons that are shared between tunicates and vertebrates. Since Neurog family factors are expressed in many other differentiating neurons throughout the CNS, it is thought that many of their direct and indirect transcriptional targets might also be shared among various different neuron types and conserved throughout metazoan evolution. However, these targets have not been profiled in detailin migrating sensory neuron precursors.

In this study, we investigated the role of FGF signaling in regulating Neurog expression and subsequent BTN neurogenesis. Although it has been shown that Fgf9/16/20 is required to specify neural plate border cells (Roure et al., 2014), from which both aBTN and pBTN lineages arise, here we demonstrate that later Fgf8/17/18 from tail tip cells controls neural differentiation in the aBTN (but not pBTN) lineage. More specifically, we show that tail-tip Fgf8/17/18 is required to suppress sustained Neurog expression in the majority of the aBTN lineage-derived cells, resulting in the eventual differentiation of only two BTNs per side. However, pBTNs appear unaffected by manipulating either Fgf8/17/18 function or inhibiting FGF signaling in general.

Additionally, we use RNAseq to profile migrating BTNs under Neurog gain- or loss-of-function conditions, dissociated, and isolated from synchronized embryos using fluorescence-activated cell sorting (FACS). By analyzing BTN transcriptome profiles under these conditions, we identified, and validated by in situ hybridization, a core set of candidate “effector” genes downstream of BTN fate choice, many of them highly conserved in vertebrate neurogenesis. This and other genes encode a diverse set of intracellular and extracellular proteins that provide an entry point to studying the molecular pathways that control BTN neurogenesis, delamination, migration, and morphogenesis. Thus, our work in characterizing gene regulatory mechanisms acting both upstream and downstream of the critical determinant of BTN fate, Neurog, sets a foundation for the dissection of a potentially conserved, and chordate-specific transcriptional network for morphogenetic cell behaviors in neurogenesis.



RESULTS AND DISCUSSION


Distinct FGFs Control BTN Lineage Specification and Cell Fate Decisions

Because treatment with the MEK inhibitor U0126 has opposing effects on BTN specification depending on timing (Stolfi et al., 2015), we reasoned that different FGF signaling events might be controlling (1) initial Neurog expression and BTN lineage specification between 5 and 7 hpf and (2) later restriction of Neurog within the BTN lineage, after 7 hpf. Fgf9/16/20 is the earliest Fgf family gene expressed (starting at the 16-cell stage onwards) and has been previously shown to be required for the specification of the posterior neural plate borders and for the activation of the conserved neural plate border regulatory gene Msx (Roure et al., 2014). Msx in turn has been shown to be required for BTN specification and differentiation (Li et al., 2017). Therefore, Fgf9/16/20 signaling is required for initial BTN lineage specification, which is consistent with the complete loss of Neurog expression upon early U0126 treatment. However, this activating function is at odds with the later effect of U0126 treatment, which results in ectopic Neurog expression and supernumerary BTNs instead. We therefore sought to understand more clearly how this later FGF signaling component might function.

Starting at 7 hpf, a different Fgf family gene, Fgf8/17/18 is expressed in tail tip cells adjacent to the pBTNs (Figure 2a). According to our previous work on BTN lineage studies, these Fgf8/17/18 + cells are likely derived from the same immediate lineage as the pBTNs (Stolfi et al., 2015). At this moment, Neurog expression has become restricted to the anteriormost cell in the aBTN lineage on either side of the midline, furthest from the tail tip, the source of Fgf8/17/18 (Figures 2b,c). The expression of Fgf8/17/18 in tail tip cells that are touching the pBTNs suggested that FGF signaling might not have a negative effect on Neurog expression in these cells. However, the tail tip localization of Fgf8/17/18 is more consistent with a role for restricting aBTN fate, through a posterior-to-anterior concentration gradient. To assay FGF signaling levels in the region, we performed dpERK antibody staining at 7 hpf, which revealed a posterior-to-anterior gradient of ERK phosphorylation along the dorsal midline (Figure 2d). We observed highest levels of phosphorylation (and presumably, FGF signaling activity) in more posterior cells closest to the tail tip, and lowest levels in the presumptive aBTN cell which is furthest from the tail tip. FGF signaling in other Ciona cell fate decision events has mostly been observed as the result of direct cell-cell contacts (Hudson et al., 2007; Imai et al., 2009; Guignard et al., 2018). We therefore asked whether we could find Fgf8/17/18 localized at a longer distance from its source. When we expressed an Fgf8/17/18:GFP fusion protein in the tail tip under the control of the endogenous Fgf8/17/18 promoter, we found that most GFP signal was localized to the tail tip cells, but that some was also observed localized around the extracellular matrix between the notochord and the overlying ectoderm (Figure 2e and Supplemental Figure 1). It is unclear whether this represents secreted, extracellular Fgf8/17/18, or if is carried by filopodia, cytonemes, or extra-cellular vesicles, etc. However, this distribution is consistent with the proposed action of Fgf8/17/18 at a distance from the tail tip. Alternatively, it is possible that Fgf8/17/18 acts only over cell-cell contact very early on, with later anterior/posterior differences in dpERK and Neurog activity arising through asymmetric propagation of downstream, intracellular signaling as the cells in the lineage divide and proliferate. Either way, Neurog expression in the aBTN lineage is inversely correlated with distance from the source of Fgf8/17/18, suggesting a negative effect of late FGF signaling on BTN specification. To test whether FGF signaling is restricting BTN specification, we first expressed a truncated, dominant-negative FGF receptor (Davidson et al., 2006) in BTN lineages using the Neurog[BTN] driver (Stolfi et al., 2015; Neurog > dnFGFR). This resulted in supernumerary BTNs in a substantial proportion of larvae (Figures 3a,b). Using the Asic reporter to visualize differentiated BTN fate, a majority (>90%) of embryos had fewer than 4 BTNs labeled in control embryos expressing an inert lacZ transgene (Neurog > lacZ), which is expected due to mosaic uptake of the reporter. However, in the dnFGFR condition, a majority (>70%) had 4 or more BTNs labeled, and half had more than 5 BTNs labeled, clearly indicating an excess number of BTNs. This mimics the previously published U0126 result and further demonstrates a cell-autonomous requirement for FGF signaling in BTN precursors to limit BTN differentiation.
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FIGURE 2. BTNs and the FGF signaling pathway. (a) Two-color in situ hybridization at 7 hpf showing Fgf8/17/18 and Neurog expression in pBTN lineage (magnified inset). (b) Same embryo as in (a), but viewed at a more dorsal focal plane, showing Neurog expression in the aBTN lineage and relative position of the aBTNs and Fgf8/17/18 expression in the tail tip (magnified inset). (c) Two-color in situ hybridization at 8 hpf showing migrating aBTN and pBTN cells on one side of the embryo. (d) Immunohistochemical staining for phosphorylated ERK (dpERK, magenta) in a 7 hpf embryo, showing posterior-to-anterior gradient in the aBTN lineage (magnified inset). aBTN lineage is labeled with Neurog[BTN] > H2B:GFP reporter plasmid expression (green nuclei). (e) Embryo electroporated with Fgf8/17/18 > Fgf8/17/18:GFP plasmid, showing Fgf8/17/18:GFP (green) emanating from the tail tip cells, spreading around the tip of the notochord. MG: Motor Ganglion. Not.: Notochord.
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FIGURE 3. Perturbing FGF signaling in the BTN lineages. (a) Quantification of number of Asic > Unc-76:GFP + BTNs seen in larvae, showing expansion of BTNs upon dnFGFR overexpression. Only larvae with both Unc-76:GFP and BTN lineage-specific Neurog[BTN] > H2B:mCherry expression were scored. (b) Representative image of a larva showing many supernumerary BTNs (arrowheads) upon dnFGFR overexpression in the BTN lineages. (c) Quantification of BTN specification as in (a) but for tissue-specific CRISPR/Cas9-mediated knockout of Fgf8/17/18, using Asic > H2B:GFP as the BTN fate marker. (d) Representative image of a larva showing supernumerary BTN nuclei (arrowheads) upon tail tip-specific knockout of Fgf8/17/18. (e) Quantification of BTN specification as in (a) using Asic > Unc-76:GFP, but for overexpression of CA-Mras. In this case, H2B:mCherry + larvae with zero BTNs were also counted. (f) Quantification of larvae with GAD > Unc-76:GFP-labeled aBTNs upon CA-Mras overexpression.


To test whether Fgf8/17/18 is necessary for BTN fate restriction, we used CRISPR/Cas9 to knock this gene out specifically in the animal-pole derived ectoderm (a-/b-lineages), which gives rise to the tail tip. No other cells derived from these lineages express Fgf8/17/18 at the tailbud stage, and Fgf8/17/18 in other cells was not disrupted thanks to the use of Fog > Cas9 to restrict Cas9 expression to the animal pole (Gandhi et al., 2017). In embryos electroporated instead with a non-specific “control” single-chain guide RNA (sgRNA), we detected fewer than 4 BTNs labeled in over 85% of embryos (Figure 3c). In contrast, knocking out Fgf8/17/18 in the tail-tip resulted in over 40% of embryos with 4 or more BTNs, and over 25% of embryos with more than 5 BTNs (Figures 3c,d). Although the effect was not as pronounced as the dnFGFR overexpression, these data are consistent with a role for Fgf8/17/18 ligand emanating from the tail tip to restrict BTN specification after initial Neurog activation has been initiated in the lineage.

To test whether FGF/ERK signaling is sufficient to restrict BTN fate specification, we overexpressed a constitutively active form of Mras (CA-Mras), which transduces FGF signaling upstream of MEK/ERK (Razy-Krajka et al., 2018). We overexpressed CA-Mras in the BTN lineages by electroporating the embryos with Neurog[BTN] > CA-Mras and assayed its effect on Asic reporter plasmid expression. Although there was a reduction in average number of Asic > Unc-76:GFP-labeled BTNs in CA-Mras-expressing larvae (Figure 3e), there were few larvae that had no visible BTNs at all. We supposed this might be due to the fact that sustained FGF/ERK might restrict only aBTN (but not pBTN) fate specification, as predicted by the Fgf8/17/18 expression pattern. To further test this hypothesis, we repeated the CA-Mras overexpression while assaying expression of the Glutamate decarboxylase (GAD) reporter plasmid (Zega et al., 2008), that labels only the differentiated aBTNs, not pBTNs (see Figure 1). Indeed, CA-Mras overexpression greatly suppressed aBTN differentiation (Figure 3f). Unfortunately, we were unable to use a similar pBTN reporter to assay pBTN specification exclusively. Although the Vesicular acetylcholine transporter (VAChT) reporter (Yoshida et al., 2004) is active in the pBTN but not aBTN (Figures 1b,c), it also often expressed in other tail neurons and Motor Ganglion (MG) neuron axons that extend throughout the tail, making pBTN specification very difficult to assay. Therefore, assaying the activity of a more specific pBTN reporter in both gain-of-function CA-Mras and loss-of-function (Fgf8/17/18 CRISPR) conditions will be needed to fully assess the role of late FGF signaling on this sub-lineage. However, taking the above results together with the direct contact between Fgf8/17/18-expressing tail tip cells and the differentiating pBTNs (Figure 2a), we suggest that Fgf8/17/18 is key for restricting the number of aBTNs, but not pBTNs. We summarize our current model of FGF signaling and BTN neurogenesis using a diagram (Figure 4).
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FIGURE 4. Models of FGF-dependent regulation of BTN specification and differentiation. (a) Early U0126 treatment confirms role of Fgf9/16/20 (FGF9) in specifying BTN lineage founder cells (from Stolfi et al., 2015). (b) Perturbing late FGF signaling, either via late U0126 treatment (Stolfi et al., 2015), or dnFGFR overexpression or Fgf8/17/18 knockout using CRISPR results in supernumerary aBTNs, through loss of repression of Neurog in posterior cells of the aBTN lineage. (c) Ectopic FGF/ERK activation via CA-Mras overexpression suppresses maintenance of Neurog expression and abolished aBTN fate. (d) Summary of our model encompassing the distinct roles of early and late FGF signals, and the distinct aBTN lineage-specific requirement for Fgf8/17/18 to restrict differentiation.




RNAseq Profiling of Potential Effectors of Neurogenesis in Isolated BTN Progenitors

Because Neurog overexpression is sufficient to specify ectopic differentiated BTNs that all delaminate and migrate (Stolfi et al., 2015), we sought to identify those genes that are upregulated downstream of Neurog, as some may encode effectors of BTN neurogenesis and cell behaviors. Although Neurog is a transcription factor, it is important to note that not all of these effectors are expected to be direct transcriptional targets of Neurog. However, we still consider these to be “downstream” of Neurog.

To identify these direct or indirect downstream genes, we turned to transcriptome profiling using FACS-RNAseq (Figure 5a). We profiled cells labeled with a Neurog[BTN] fluorescent reporter under different experimental conditions, isolated from synchronized embryos at 9.5 hs post-fertilization (hpf) at 20°C. In the “control” condition (Neurog > lacZ) only 4 cells per embryo become BTNs, while the rest of the BTN lineage is initially specified as broadly epidermis (∼15–16 cells at mid-tailbud), with various epidermal sensory neurons specified later (Figure 5b; Stolfi et al., 2015). In parallel, we sorted cells from embryos in which wild-type Neurog was overexpressed (Neurog > Neurog), or a dominant-repressor form of Neurog (Neurog > Neurog:WRPW). Neurog > Neurog specifies all cells as supernumerary BTNs, while Neurog > Neurog:WRPW abolishes BTN fate (Figure 5b). cDNA libraries were prepared from isolated cells, with each condition represented by two biologically independent replicates.
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FIGURE 5. RNAseq-based analyses of Neurog function in BTNs. (a) Schematic of FACS + RNAseq approach used to profile BTNs. (b) Schematic of different conditions used to sort “control” BTN lineages and Neurog gain- or loss-of-function. (c) Non-proportional Venn diagram indicating number of genes in each condition showing statistically-significant (p < 0.05) differential expression (LogFC > 0.6 in Neurog vs. lacZ or <-0.6 in Neurog:WRPW vs. lacZ). Statistical significance (asterisk) was calculated using hypergeometric test. (d) Same analysis as in (c) but with p-value cutoff removed. Hypergeometric test was also used to measure statistical significance (asterisk). (e) Comparison of “avg LogFC” of top 98 BTN genes identified by single-cell RNAseq (Horie et al., 2018) to LogFC in Neurog vs lacZ, showing that all 98 are positively upregulated by Neurog. (f) Similar comparison as in (e) but to LogFC in Neurog:WRPW vs. lacZ, revealing that all but 7 of the top 98 BTN genes are downregulated by Neurog:WRPW. “Neurog:W” = Neurog:WRPW.


Under these conditions, 522 genes (of a total of 11,777 analyzed) were upregulated by Neurog (LogFC > 0.6, p < 0.05) and 176 downregulated by Neurog:WRPW (LogFC < −0.6, p < 0.05), with 76 genes in both categories (p < 1.291e-56 using the hypergeometric test, Figure 5c and Supplemental Table 1). The larger number of genes upregulated by Neurog overexpression was expected, given that many more ectopic BTNs are specified in Neurog > Neurog than the number of BTNs lost in Neurog > Neurog:WRPW (Stolfi et al., 2015). However, this could also be an artifact due to lower statistical support as a result of vastly different numbers of cells sorted between Neurog > Neurog:WRPW replicates (2418 cells and 114 cells). Although there were reported whole-mount in situ hybridization (ISH) images for 33 of these 76 genes on the ANISEED tunicate expression database (Brozovic et al., 2018), we were able to infer clear BTN expression from such database images for only 10 genes. These included the marker gene Asic previously used to assay BTN specification (Coric et al., 2008), and additional genes such as alpha-Tubulin (KH.C8.892), Rgs19/20 (KH.C1.314), Slc35g2 (KH.L141.43), Bassoon-like (KH.C5.481), Onecut, and others with no substantial homology to known proteins. Because several other known BTN markers were not represented, we relaxed our criteria. More specifically, we looked at genes that were upregulated by Neurog (1444) and downregulated by Neurog:WRPW (1303) with no p-value cutoff. This increased the overlapping set, and thus our candidate target gene list, to 372 genes (Figure 5d). This overlap was still statistically significant (p < 6.332e–65), suggesting this expanded list is likely to include bona fide BTN-specific genes downstream of Neurog.

To further test whether we were measuring meaningful BTN-specific gene expression, we cross-referenced these data to a previously published single-cell RNAseq data set comprising the top 100 genes enriched in the BTNs relative to other cell types at 12 hpf at 18°C (Horie et al., 2018; Supplemental Table 2), with the exception of two genes: KH.S1555.2 (which was not present in our dataset), and Neurog (due to confounding reads from the electroporated plasmids). We found that all 98 top BTN genes in the scRNAseq dataset were positively regulated by Neurog overexpression (LogFC > 0, Figure 5e). Similarly, 91 of 98 top genes were negatively regulated by Neurog:WRPW overexpression (LogFC < 0, Figure 5f). This confirmed that Neurog positively regulates BTN fate, and that our strategy was able to detect differential gene expression in the BTNs downstream of Neurog activity, though statistical support might be lacking for many BTN markers at the embryonic stages that were sequenced.



Validation of BTN Genes by in situ Hybridization

Because the above results suggested our differential expression analysis criteria might (1) be too stringent to detect all real BTN-specific genes downstream of Neurog and (2) might contain false-positives associated with leaky expression of the Neurog driver in other tissues, we decided to validate a large set of potential BTN markers by fluorescent ISH (Supplemental Table 3). We successfully prepared probes for 137 genes, from a mixture of cDNA clones, RT-PCR, and synthetic DNA templates (see section “Materials and Methods” for details, and Supplemental Table 3 for all probe template sequences). Of these, 49 were confirmed to be upregulated in the migrating BTNs (Figure 6). For another 30, it was not clear if they were expressed in BTNs or not, due to low signal or obscuring signal from neighboring tissues. Most are likely true positives, but confirming them will require better probes or higher resolution imaging. 15 genes showed CNS-specific expression, but in other neurons, 15 showed expression mainly in non-neural tissues, and 29 were true “negatives” with no or little signal throughout the whole embryo (all images available at https://osf.io/uqfn2/).


[image: image]

FIGURE 6. Fluorescent whole-mount in situ hybridization of Neurog targets (all 49 validated candidates).


From our results it became obvious that validation of BTN expression by ISH in this subset correlated most closely with overall transcript abundance in the samples. 22 of the top 50 genes with highest LogCPM were BTN+, with another 10 showing “unclear” signal. In contrast, only 3 of the 50 genes with lowest LogCPM were BTN+, though 11 were “unclear.” 23 of the bottom 50 genes were “negative,” suggesting that many of these might in fact be expressed in the BTNs, but at levels that are below the threshold of detection by ISH. Among those genes that were validated by ISH as specifically upregulated in BTNs during delamination and axon extension, some are expressed in either the aBTN, or pBTN alone, though it is unclear if this indicates merely a difference in timing of gene expression between the two. However, there is reason to believe that there are functional differences between the aBTN and pBTN. For instance, the GABAergic marker GAD (Zega et al., 2008) is only ever seen to be expressed in the aBTN (Figure 1c), while the cholinergic markers VAChT/ChAT (Yoshida et al., 2004) are expressed in the pBTN (Figure 1b). Both are upregulated by Neurog (GAD LogFC = 2.7, Slc18a3/VAChT LogFC = 3) and downregulated by Neurog:WRPW (GAD LogFC = −1.4, Slc18a3/VAChT LogFC = −1.1), suggesting that Neurog might regulate both targets but in separate aBTN/pBTN contexts.

We also found that many genes were expressed in other CNS neurons where Neurog is known to be expressed, in addition to BTNs. Such genes are potentially downstream of Neurog in these other CNS neurons, especially in the MG and brain. Thus, Neurog is likely to directly and indirectly regulate overlapping sets of genes that can be broadly neuronal, BTN-specific, or aBTN/pBTN-specific, highlighting the importance of combinatorial regulation with other lineage-specific transcription factors in regulating neuronal subtype-specific fates and gene expression.



CRISPR/Cas9-Mediated Neurog Loss-of-Function Mutations Abolish BTN Effector Gene Expression

Although Neurog:WRPW was used for our RNAseq profiling due to its robust ability to completely abolish all BTNs in Ciona, true Neurog loss-of-function in the BTN lineage has not yet been shown. We thus used Fog > Cas9 to target Neurog for CRISPR/Cas9-medated mutagenesis specifically in the a/b-lines. We co-electroporated this with a previously published and validated sgRNA targeting Neurog (Neurog.1), and two additional validated sgRNAs targeting the proximal promoter of Neurog (Neurog.p1 and Neurog.p2), after attempts to validate other coding sequence-targeting sgRNAs failed. The combined activity of all three sgRNA expression vectors is predicted to frequently result in a large deletion spanning most of the gene, as previously demonstrated in Ciona (Gandhi et al., 2017).

Indeed, targeting Neurog in this way resulted in dramatic loss of Asic > Unc-76:GFP reporter expression in F0 embryos, compared to embryos electroporated with the control sgRNA (Figures 7a,b). We observed a similar loss of GAD > Unc-76:GFP expression upon targeting Neurog (Figures 7c,d), suggesting that Neurog is necessary for both pan-BTN and aBTN-specific gene expression. It was not clear if Neurog CRISPR completely abolished BTN fate or if it only affected BTN reporter expression. However, these data further support the conclusion that Neurog is required for BTN specification and effector gene expression during neurogenesis.
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FIGURE 7. CRISPR/Cas9-mediated knockout of Neurog. (a) Tissue-specific (using Fog > Cas9) CRISPR/Cas9-mediated knockout of Neurog, using Asic > Unc-76:GFP as a reporter. Only 15/50 of Fog > H2B:mCherry + embryos also showed Asic > Unc-76:GFP-expressing BTNs. Open arrowhead indicates BTN with very faint reporter expression. (b) Control CRISPR embryo, showing Asic > Unc-76:GFP-expressing BTNs (white arrowheads). 42/50 of Fog > H2B:mCherry + control embryos had Asic > Unc-76:GFP-expressing BTNs. (c) Same conditions as in (a) but using GAD > Unc-76:GFP as an aBTN marker. Only 12/50 Fog > H2B:mCherry + embryos also showed GAD > Unc-76:GFP-expressing aBTNs. (d) Control CRISPR embryo, showing GAD > Unc-76:GFP-expressing aBTNs (white arrowheads). 39/50 of Fog > H2B:mCherry + control embryos had GAD > Unc-76:GFP-expressing aBTNs.




Discussion of Predicted BTN Effector Gene Functions

Several genes upregulated by Neurog overexpression in the BTNs appear to be involved in neuronal function, especially neurotransmission, suggesting relatively early transcription of such genes relative to larval hatching. These include GABA receptor (Gabrd), Anoctamin 7 (Ano7), Neuronal calcium sensor (Ncs), Adrenergic receptor alpha 2 (Adra2), Synaptotagmin 7-related (Syt7-rel), the neuropeptide-encoding Ci-LF precursor (LF; Kawada et al., 2011), and others. Even the canonical muscle myosin heavy chain gene Myh-tun3 (previously known as Ci-MHC3), a marker of adult body wall muscles in Ciona (Ogasawara et al., 2002), was unexpectedly found by in situ hybridization to be expressed in BTNs and other neural tissues. A neuron-specific function for the muscle myosin heavy chain gene MyH7B (which closely resembles Ciona Myh-tun3 by sequence similarity) was identified in rats (Rubio et al., 2011), suggesting that perhaps a role for “muscle”-type myosins in neurons might predate the vertebrate-tunicate split. Due to our interest in understanding the delamination, migration, and dynamically polarized axon outgrowth of the BTNs, we focused our analysis on those genes hypothesized to be more directly involved in such cell behaviors, based on what we know about the functions of orthologs in other animals.


Cdk5 Regulatory Subunit (Cdk5r) and Doublecortin (Dcx)

Microtubule stabilization has been shown to be essential for neuronal migration and axon specification (Witte et al., 2008), though the mechanisms underlying its local control remain largely unknown (Kapitein and Hoogenraad, 2015). In vertebrates, Neurog1 and Neurog2 control neuronal migration in part through upregulation of Cdk5r1 and Doublecortin (Dcx) effectors (Ge et al., 2006). Both Ciona orthologs of Cdk5r1 and Dcx are upregulated in BTNs by Neurog, suggesting a conserved regulatory network for neuronal migration that is shared between Ciona and vertebrates. Cdk5r1 (also known as p35) is an activator of Cdk5, and the Cdk5/Cdk5r1 is required for microtubule stability in neuronal migration and axon outgrowth in several examples (Nikolic et al., 1996; Chae et al., 1997; Lambert de Rouvroit and Goffinet, 2001; Smith et al., 2001). Human DCX and the closely related Doublecortin-like kinases (DCLK1/2) are represented by a single ortholog in Ciona, Dcx/Dclk (referred from here on as simply Dcx). In mammals, Dcx has been proposed to be essential for neuronal migration and differentiation by nucleating, binding, and/or stabilizing microtubules (Corbo et al., 2002; Moores et al., 2004; Ettinger et al., 2016). The closely related vertebrate Doublecortin-like kinases are also associated with microtubules (Lin et al., 2000). While Dclk1 mutant mice show few neuronal migration defects, Dclk1/Dcx double mutants show extensive cortical layering and axonal defects, suggesting some overlapping roles for these paralogs (Deuel et al., 2006). Dcx/Dclk proteins contain two DCX protein domains, as does Ciona Dcx. As a proxy for the subcellular localization of this protein, we constructed a DcxΔC:GFP fusion comprised of the two DCX domains fused to GFP. When driven by the Ebf neuronal promoter (-2.6 kb upstream; Stolfi and Levine, 2011) in differentiating neurons, we observed DcxΔC:GFP enrichment in microtubule bundles extending into the leading edge of migrating BTNs at 10 h 20°C (Figure 8a). At 12 h 20°C, DcxΔC:GFP can be seen labeling a microtubule bundle spanning both proximal and distal processes (Figure 8b). This microtubule bundle localization suggests a conserved role for Dcx in Ciona.
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FIGURE 8. Subcellular localization of candidate effectors of BTN cell behaviors. (a) Embryo electroporated with Ebf > DcxΔC:GFP and Ebf > Unc-76:mCherry plasmids, showing GFP labeling of multiple microtubule bundles in the leading edge (the presumptive proximal process) of migrating BTNs. Insets magnified in bottom subpanels. (b) Embryo electroporated as in (a) but imaged at a later time point (12 hpf), showing a GFP-labeled microtubule bundle extending through proximal and distal processes (anterior is to the left). (c) GFP:Saxo (green) labeling putative centrioles/centrosome in a BTN cell. Nucleus labeled by H2B:mCherry (magenta). (d) GFP:Saxo is also seen in the cilia of ependymal cells of the neural tube/nerve cord. (e) Gαi-related:GFP (green) is enriched at the plasma membrane and around the Golgi apparatus, which is co-labeled with GalNAcT:mCherry (magenta).




Saxo: Stabilizer of Axonemal Microtubules

Positioning of the centrosome and associated Golgi apparatus has been shown to be an essential intrinsic cue for neuronal polarization (de Anda et al., 2010; Andersen and Halloran, 2012). However, this appears to be highly context-dependent and difficult to study in vivo due to the transient nature of centrosome position, tissue complexity in the developing CNS, and species- and cell-type-specific differences (Basto et al., 2006). Microtubule stabilization has been shown to be essential for axon specification (Witte et al., 2008), though the mechanisms underlying its local control remain largely unknown (Kapitein and Hoogenraad, 2015). Because centrosome repositioning is also driven by microtubule stabilization (Burute et al., 2017; Pitaval et al., 2017), this suggests that such centrosome-associated microtubule stabilizers might function as key effectors linking centrosome position and axon outgrowth. In the BTNs, initial axon outgrowth is concurrent with migration: the leading edge of the BTNs extends and becomes the proximal (anterior) process of the axon. Thus, polarization, migration, and axon outgrowth might be tightly coupled in the BTNs.

Previous MG neuron transcriptome profiling and a follow up ISH revealed that Saxo (Stabilizer of axonemal microtubules) was expressed in the BTNs, in addition to the ddNs (Gibboney et al., 2020). Saxo is the Ciona ortholog of human SAXO1/SAXO2, formerly FAM154A/FAM154B. These genes encode a highly conserved subfamily of STOP/MAP6-related proteins that stabilize microtubules (Dacheux et al., 2015). In human cell culture, SAXO1 localizes to centrioles and cilia and mediates stabilization of cold-resistant microtubules. They do so through 7 microtubule-binding/stabilizing “Mn” domains (Dacheux et al., 2015), which are conserved in Ciona Saxo. SAXO1/2 have not been implicated in neurodevelopment or cell polarity in vivo, but depletion of related MAP6 proteins in mice results in synaptic defects and schizophrenia-like symptoms (Volle et al., 2012).

A GFP:Saxo fusion when expressed in Ciona was found to localize to centrosomes in BTN precursors (Figure 8c), and to cilia of ependymal cells (Figure 8d), also consistent with a potentially conserved role in microtubule stabilization. Given its expression in both BTNs and ddNs, and given the dynamic repositioning of the Golgi apparatus observed in both these neurons types immediately predicting direction of axon outgrowth (Stolfi et al., 2015; Gibboney et al., 2020), Saxo is one of the more intriguing candidate effectors of neuronal polarization that remain to be functionally characterized.

How might extracellular cues impinge on centrosome position in vivo? One pathway that has been implicated in this process during neuronal migration is the Semaphorin/Plexin pathway (Renaud et al., 2008). We found that Semaphorin 6 (Sema6), a class 6 Semaphorin orthologous to human SEMA6A/SEMA6B/SEMA6C (Yazdani and Terman, 2006) is expressed in migrating BTNs and broadly in other CNS neurons including those in the brain and MG. In mice, Sema6a and its receptor Plexin A2 control migration in granule cells of the cerebellum, through regulating centrosome position and nucleokinesis (Renaud et al., 2008). In mammals, Sema6a can inhibit Plexin in cis as a mechanism to reduce sensitivity to Sema6a in trans (Haklai-Topper et al., 2010). Perhaps its expression in developing Ciona larval neurons reflects such a mechanism.



Gαi-Related

We identified a gene encoding a homolog of the small Gαi/o protein subunit family that by in situ hybridization was observed to be upregulated in migrating BTNs and notochord cells (Reeves et al., 2017). This rather divergent Gαi gene (KH.C2.872, referred to simply as Gnai-related), is one of three Gαi/o paralogs that seem to be Ciona- (or tunicate-) specific duplications: KH.C1.612, KH.C2.872, and KH.L96.27. Of these, KH.C1.612 seems to be the original “founding” paralog, as it still retains exons/introns, while KH.C2.872, and KH.L96.27 are both encoded by a single exon, suggesting possible duplication by retrotransposition, followed by subfunctionalization (Ohno, 2013).

In mammalian cells, upregulation of Gαi can act as a molecular “switch” to inhibit RhoA by competing with Gα12/13 proteins for interactions with the same G-protein coupled receptor (GPCR), resulting in the activation of Rac1 activation and increased cell motility (Sugimoto et al., 2003). This antagonism between Rho/Rac is also seen in delaminating neural crest cells, in which Rho inhibits Rac activity to keep cells in an epithelial state (Shoval and Kalcheim, 2012). In radial neuron migration, Gα12/13 proteins terminate migration (Moers et al., 2008), and have been shown to do so through RhoA in cultured neurospheres (Iguchi et al., 2008). Thus, transcriptional control over the relative expression levels of Gαi and Gα12/13 might be a common mechanism for regulation of neuronal migration, shifting between activation of Rac1 (promoting migration) or of RhoA (inhibiting migration).

Interestingly, we found that a Gαi-related:GFP fusion was enriched in or around the Golgi apparatus, in addition to the plasma membrane (Figure 8e). The localization of Gαi to the Golgi has been shown to be important for vesicle trafficking and the structural organization of the Golgi stacks (Lo et al., 2015). Furthermore, Golgi-resident Gαo regulates protrusive membrane activity (Solis et al., 2017). Given the dramatic reorientation of the Golgi apparatus during BTN migration and its relation to BTN neurite extension (Figures 1e,f), it will be interesting to further investigate the potential roles of Gnai-related in these processes.





CONCLUSION

Here, we have used the BTNs of Ciona as a model in which to study the regulation of neurogenesis, both upstream and downstream of neuronal fate specification by the conserved proneural factor Neurogenin. More specifically, we have elucidated in more detail the mechanism by which FGF/MEK/ERK regulates BTN neurogenesis in Ciona, suggesting that a posteriorly localized source of Fgf8/17/18 spatially restricts sustained Neurog expression and subsequent specification of the aBTNs, but possibly not that of the pBTNs. This reveals close parallels with FGF-dependent regulation of neurogenesis in vertebrate spinal cord and neural crest, but also suggests a potential difference between very similar neuron subtypes originating from related but distinct cell lineages. It will be an interesting topic of future investigation to understand how the regulation of pBTN neurogenesis differs from both aBTNs and related neuron types in other chordates. Finally, we revealed the transcriptional dynamics of effector genes downstream of Neurog in the BTNs, identifying and validating several conserved genes that might be key for BTN delamination, migration, or polarization. Future studies will focus on the functions of these identified candidate effectors and the mechanisms by which they potentially regulate the dynamic yet invariant cell behaviors of the BTN precursors.



MATERIALS AND METHODS


Embryo Handling and CRISPR/Cas9-Mediated Mutagenesis

Adult Ciona robusta (intestinalis Type A) were collected from San Diego, CA (M-REP). Dechorionated embryos were obtained and electroporated as previously established (Christiaen et al., 2009a, b). Constructs were made using previously published Neurog −3010/−773 + −600 [Neurog(BTN)] driver to express dnFGFR (Davidson et al., 2006) and CA-Mras (Razy-Krajka et al., 2018), with an artificially inserted stop codon in front of the 3’ NotI restriction enzyme cloning site for some constructs where we wished to avoid fusion of N-terminal Neurog sequences with the transgene (e.g., dnFGFR). Cas9 and sgRNA expression vectors were constructed or used as previously described (Stolfi et al., 2014; Gandhi et al., 2017). Non-specific “Control” sgRNA sequence (target: CTTTGCTACGATCTACATT) used as previously published (Stolfi et al., 2014). Fgf8/17/18 sgRNAs were validated as previously described, using loss of Fgf8/17/18 > Fgf8/17/18:GFP-derived fluorescence as a non-quantitative screen for functional sgRNAs (Supplemental Figure 2). Neurog proximal promoter-targeting sgRNAs were validated by PCR amplification of the targeted region and Sanger sequencing as previously described (Supplemental Figure 3; Gandhi et al., 2018). Electroporations were performed as single biological replicates. Images were captured using Leica DMI8 or DMIL LED inverted epifluorescence compound microscopes. Plasmid and primer sequences not previously published and electroporation mix recipes can be found in the Supplemental Sequences File.



FACS and RNAseq

Embryos were electroporated with the following combinations of plasmids: 70 μg Neurog −3010/−773 + −600 > tagRFP/tagBFP + 50 μg Neurog −3010/−773 + −600stop > Neurog (Neurog > Neurog condition). 70 μg Neurog −3010/−773 + −600 > tagRFP/tagBFP + 50 μg Neurog −3010/−773 + −600stop > Neurog:WRPW (Neurog > Neurog:WRPW condition), 70 μg Neurog −3010/−773 + −600 > tagRFP/tagBFP + 50 μg Neurog −3010/−773 + −600 > lacZ (Neurog > lacZ “control” condition). Embryos were dissociated and FACS-isolated using a BD FACS Aria cell sorter into lysis buffer from the RNAqueous-Micro RNA extraction kit (ThermoFisher, Waltham, MA, United States) as previously established (Wang et al., 2018a, b). BFP + or RFP + cells were isolated with no counterselection. Cell numbers obtained were: Neurog > lacZ(control) replicate 1: 975 cells; Neurog > lacZ(control) replicate 2: 200 cells; Neurog > Neurog replicate 1: 284 cells; Neurog > Neurog replicate 2: 800 cells; Neurog > Neurog:WRPW replicate 1: 2418 cells; Neurog > Neurog:WRPW replicate 2: 114 cells. RNA was extracted from each sample according to the RNAqueous-Micro kit instructions. cDNA synthesis was performed as described (Wang et al., 2017), with SMART-Seq v4 Ultra Low Input RNA kit (Takara). Sequencing libraries were prepared as described (Wang et al., 2017), with Ovation Ultralow System V2 (NuGen). Libraries were pooled and sequenced by Illumina NextSeq 500 Mid output 150 Cycle v2, to generate 75 bp paired-end reads, resulting in 192,396,840 single-end reads for the 6 samples. Resulting FASTQ files were processed by STAR 2.5.2b and mapped to the C. robusta genome (Dehal et al., 2002; Satou et al., 2008). Output bam files were processed using Rsubread/featureCounts (Liao et al., 2013), with the parameter “ignoreDup = TRUE” to remove the read duplications resulting from library amplification. All reads after duplication removal that mapped to the exons of KyotoHoya (KH) gene models (Satou et al., 2008) were counted for differential expression analysis. Differential expression beween Neurog > Neurog and Neurog > lacZ, and between Neurog > Neurog:WRPW and Neurog > lacZ was measured by EdgeR (Robinson et al., 2010; Supplemental Table 1). Raw and processed sequencing data are archived at NCBI Gene Expression Omnibus (GEO) under accession ID GSE150913. All other processed data, scripts, and Supplementary Images can also be found at OSF at the project-specific link https://osf.io/uqfn2/.



Embryo in situ Hybridizations and dpERK Immunohistochemistry

Adult Ciona robusta (intestinalis Type A) were collected from San Diego, CA (M-REP). Dechorionated embryos were obtained and electroporated as previously established (Christiaen et al., 2009a, b). Sequences of in situ hybridization probe templates can be found in Supplemental Table 3. Neurog perturbation and control plasmids were previously published (Stolfi et al., 2015). Probes were prepared either from published clones, synthetic DNA fragments (Twist Bioscience, San Francisco, CA, United States), or directly from RT-PCR amplicons (see Supplemental Table 3 for details). Probe synthesis and fluorescent, whole-mount in situ hybridization were carried out as previously described (Beh et al., 2007; Ikuta and Saiga, 2007). dpERK staining was carried out as previously described (Stolfi et al., 2011), using 1:500 mouse monoclonal anti-dpERK antibody (Sigma #M9692), and tyramide signal amplification.
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The human brain is composed of billions of cells, including neurons and glia, with an undetermined number of subtypes. During the embryonic and early postnatal stages, the vast majority of these cells are generated from neural progenitors and stem cells located in all regions of the neural tube. A smaller number of neurons will continue to be generated throughout our lives, in localized neurogenic zones, mainly confined at least in rodents to the subependymal zone of the lateral ventricles and the subgranular zone of the hippocampal dentate gyrus. During neurogenesis, a combination of extrinsic cues interacting with temporal and regional intrinsic programs are thought to be critical for increasing neuronal diversity, but their underlying mechanisms need further elucidation. In this review, we discuss the recent findings in Drosophila and mammals on the types of cell division and cell interactions used by neural progenitors and stem cells to sustain neurogenesis, and how they are influenced by glia.
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NEURAL PROGENITORS: DIVISION THROUGHOUT DEVELOPMENT AND IN ADULT NEUROGENIC NICHES

In all animals with a brain, from insects to humans, the complex functions the brain reliably carries out at every moment depend on its many neuronal and glial cell types being generated in the proper quantities and locations. Throughout the course of life, the production of new neurons that characterizes developmental stages also persists in two regions of the adult mammalian brain, the ventricular-subventricular or subependymal zone (SEZ) adjacent to the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus. Recently there has been a great deal of controversy regarding the existence of adult neurogenesis in the human brain (Boldrini et al., 2018; Kempermann et al., 2018; Sorrells et al., 2018; Moreno-Jimenez et al., 2019), with confusion arising in part from technical problems and perhaps from interspecies differences in the dynamics of the process. Nevertheless, based on the accumulated evidence from previous work (Eriksson et al., 1998; Sanai et al., 2011; Spalding et al., 2013; Kempermann et al., 2018), it has become increasingly clear that adult humans probably generate new neurons only in the hippocampus and not in the SEZ.

For the purpose of this review, we will focus on the knowledge that deals with the neurogenic process in flies and mice. Here, we revisit recent findings on how neural stem cells (NSCs) divide to generate neuronal diversity during brain development and adulthood. We focus on the intrinsic and extrinsic mechanisms that explain the temporal and regional heterogeneity of neural progenitor and stem cells, and their progenies. We also summarize the role of niche glia in the early and late phases of neurogenesis and discuss their diversity. Whenever possible, we compare NSCs in Drosophila and rodents, at embryonic and larval stages and in adult neurogenic zones.

The vast cell diversity in adult brains is mostly generated during the embryonic and larval stages in Drosophila, and in the embryonic and early postnatal stages in mammals, from a pool of neural progenitor and stem cells (Doe, 2017; Holguera and Desplan, 2018; Ramon-Canellas et al., 2018; Cardenas and Borrell, 2019; Morales and Mira, 2019; Obernier and Alvarez-Buylla, 2019). This pool initially includes neuroepithelial cells (NECs), which later produce multipotent NSCs (neuroblasts in Drosophila) and apical radial glia (aRG) (Figure 1). These cells span the apical–basal axis of the developing brain in mammals and have been best characterized in the neocortex (Gotz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009; Brand and Livesey, 2011). By mid-gestation, a fraction of cortical, striatal, and septal radial glia diverge from other progenitors and are set aside as relatively quiescent cells that will give rise to postnatal and adult NSCs in the SEZ (Fuentealba et al., 2015; Furutachi et al., 2015). The development of the hippocampal dentate gyrus is longer than in other brain areas. Progenitor cells from the embryonic dentate neuroepithelium migrate out of this zone through the dentate migratory stream and occupy several transient germinal niches before finally settling in a newly formed abventricular SGZ, transforming into quiescent SGZ NSCs mainly postnatally (Seki et al., 2014; Nicola et al., 2015; Matsue et al., 2018; Berg et al., 2019; Morales and Mira, 2019; Nelson et al., 2020). Adult NSCs share many features with embryonic aRGs, including a polarized morphology and the expression of common markers such as nestin, brain lipid-binding protein (BLBP), glutamate/aspartate transporter (GLAST) and the transcription factor Sox2 (Lagace et al., 2007; Ninkovic et al., 2007; Suh et al., 2007; Giachino et al., 2014), and are often referred to as radial glia-like NSCs. At the transcriptome level, single-cell RNA sequencing (scRNA-seq) and conventional RNA-seq studies show that adult NSCs are also closely related to, but distinct from, mature astrocytes (Beckervordersandforth et al., 2010; Llorens-Bobadilla et al., 2015; Hochgerner et al., 2018).
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FIGURE 1. Embryonic, larval and adult neurogenesis in flies and mammals. (A) Overview of embryonic mammalian neurogenesis in the neocortex and olfactory bulb. In the developing dorsal pallium, the nervous system originates from neuroepithelial cells (NECs) that initially proliferate symmetrically before they transition to apical radial glial cells (aRG). aRGs give rise to neurons directly (blue), or indirectly (green) through intermediate neural progenitors (INP). Direct neurogenesis predominates in the olfactory bulb (OB, blue); indirect neurogenesis predominates in the neocortex (Ncx, green). (B) Adult mammalian neurogenesis in the subgranular zone (SGZ, yellow) and subependymal zone (SEZ, red). Quiescent postnatal neural stem cells in the SGZ (SGZ NSC) (yellow) undergo symmetric self-renewal before they give rise to transient amplifying cells, a type of intermediate neural progenitor (INP/TAP) (green) and differentiate into dentate gyrus granule neurons. Quiescent embryonic SEZ NSCs (red) are activated in the adult stage and undergo either symmetric self-renewing divisions (20%) or primarily produce INP/TAPs before differentiating into OB interneurons. (C) Different modes of division of neural progenitors in embryonic Drosophila. In the embryo, the nervous system originates from a neuroectoderm before they transit into neuroblasts (Nbs). Type 0 Nbs (blue) self-renew and produce a single ventral nerve cord (VNC) neuron at each division. Type I Nbs (yellow) self-renew and produce ganglion mother cells (GMC) that divide once to generate two cells in the central brain (CB, yellow) and VNC (yellow). Type II Nbs (orange) self-renew and produce intermediate neural progenitors (INP), which also self-renew multiple times before producing GMCs, which divide once and differentiate into central brain neurons (orange). Optic lobe cells (OL, green) originate from NECs. (D) Different modes of division of neural progenitors in the Drosophila larval brain. After the first, embryonic, wave of neurogenesis (shown in C), most of the remaining central brain and ventral nerve cord neuroblasts, and optic lobe NECs enter a quiescent state (dashed lines). In a second, larval, wave of neurogenesis, via ganglion mother cells (GMC), Type I Nbs in the central brain (CB, yellow region depicted in the larval brain) produce the majority of adult central brain cells, and Type II Nbs (orange region) produce the vast majority of central complex cells, an essential central brain region for sensorimotor integration (Pfeiffer and Homberg, 2014). Quiescent outer proliferation center (OPC) NECs are activated to transition into Type I Nbs (green region) and produce medulla cells in the OL. Type III Nbs (red) originate from NECs of the inner proliferation center (IPC), and undergo symmetric self-renewal to produce two identical progenies that retain the identity of neuroblasts and produce lobula plate cells in the OL.



Division Throughout Development

Cell division in neural progenitors and stem cells in the central nervous system has been elucidated using a combination of techniques. Key examples are selective lineage tracing; clonal analysis at single-cell resolution; and in vivo or whole-mount time-lapse imaging of Drosophila neuroblasts (Nbs), embryonic mammalian aRGs, and adult RG-like NSCs (Bossing et al., 1996; Schmidt et al., 1997; Urbach and Technau, 2004; Gao et al., 2014; Taverna et al., 2014; Doe, 2017; Cardenas et al., 2018; Cardenas and Borrell, 2019). Early during gestation, NECs first divide symmetrically and later asymmetrically to produce neuroblasts in the fly and aRGs in the mammalian brain (Figure 1; Gotz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009; Brand and Livesey, 2011). In turn, aRGs initially divide symmetrically in the ventricular zone, generating more aRGs. They then switch to producing neurons either through direct neurogenesis, in which the aRG divides asymmetrically to self-renew and generate a neuron, or through indirect neurogenesis to generate various intermediate neural progenitors (INPs) with proliferative capacity, which amplifies neuronal production (Taverna et al., 2014; Cardenas and Borrell, 2019).

The orientation of the cleavage plane determines symmetric vs. asymmetric division (Gotz and Huttner, 2005) and is also important in the proper seeding of future adult NSCs during development (Falk et al., 2017). The indirect mode of asymmetric neurogenesis leads to the formation of an embryonic subventricular zone, where these INPs migrate before the neurons are ultimately produced (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). Indirect neurogenesis predominates in humans and other primates with expanded cortices, where additional types of progenitors are formed (Cardenas and Borrell, 2019). In the mouse, this mode is predominant in the neocortex but limited in the olfactory bulb (Cardenas et al., 2018; Cardenas and Borrell, 2019).

Similarly, Drosophila neuroblasts undergo distinct types of cell division to shape different areas of the fly brain (Figures 1C,D). Type I neuroblasts are the most abundant neuroblast in the embryonic central brain (CB) and ventral nerve cord, and in the CB and optic lobes (Figures 2A,A’) of larval Drosophila. Type II neuroblasts exist in sets of eight in each brain lobe. Type I and II neuroblasts have been broadly studied (Doe, 2017). Both types divide asymmetrically; the main difference between them is that Type I neuroblasts produce ganglion mother cells (GMCs) directly, whereas neurogenesis from Type II neuroblasts is mediated by INPs, which then produce GMCs, which ultimately divide symmetrically to generate two neurons or glia (Bello et al., 2008; Boone and Doe, 2008; Bowman et al., 2008). In the embryonic ventral nerve cord, the equivalent of the vertebrate spinal cord, most neuroblasts begin in Type I mode and then they switch to Type 0 mode, where each Type 0 neuroblast divides asymmetrically multiple times and produces progeny that differentiate directly into neurons (Baumgardt et al., 2014). Conversely, in the tip of the outer proliferation center (t-OPC), larval neuroblasts transit from Type 0 to Type I mode to generate diverse cell types in the adult optic lobe (Bertet et al., 2014). A Type III neuroblast has recently been described in the larval optic lobe (Mora et al., 2018). These distal inner proliferation center (d-IPC)-derived neuroblasts show the particularity that, like the SEZ NSCs (Obernier et al., 2018), they undergo symmetric self-renewal to produce two identical progenies that retain neuroblast markers and produce T4 and T5 lobula plate neurons. The identification of these Type III neuroblasts has generated some controversy, and their existence has not been corroborated in other studies (Apitz and Salecker, 2018; Pinto-Teixeira et al., 2018). Future research will be necessary to confirm the presence of this Type III novel neuroblast division mode.


[image: image]

FIGURE 2. Neural stem cell niches in the Drosophila larval medulla and adult mouse hippocampus. (A,A’) Neural stem cell niche in the larval medulla: (A) neuroepithelial cells (NECs, DE-Cadherin, red) in the outer proliferation center, and their transition into medulla neuroblasts (Nbs, Miranda, green), ganglion mother cells (GMCs, Prospero, blue) and medulla postmitotic cells (DAPI, gray). Arrows indicate transition direction. Scale bar = 20 μm. (B,B’) Neural stem cell niche in the adult mouse hippocampus: (B) Neural stem cells with radial glia-like morphology (pink) are located in the hippocampal dentate gyrus (GFAP, white; DAPI, blue). Their soma sits at the border of the densely packed granule cell layer (GCL), the so-called subgranular zone (SGZ). Their primary process extends across the GCL and reaches the inner molecular layer (ML). NSCs express the markers Sox2, Prominin 1, Nestin (not shown) and glial fibrillary acidic protein GFAP (white), among others, and are mostly quiescent. Surrounding the NSCs a variety of highly branched niche astrocytes located in different layers are found. Those in the ML, GCL, and hilus are shown in green, red, and yellow, respectively. Mature astrocytes do not proliferate and express markers such as glial glutamate transporter 1 (GLT1), S100β (not shown) and GFAP (white), among others. Other niche elements such as blood vessels, INPs and neurons are not shown. (B’) GFAP immunostaining, marking both NSCs and astrocytes with distinctive morphologies.




Division in Adult Neurogenic Niches

Intermediate neural progenitor-mediated amplification of neuronal production also characterizes adult neurogenic niches (Figure 1B). Adult NSCs in the SEZ were long thought to behave like developmental aRGs, predominantly adopting an asymmetric neurogenic division mode as the main strategy to produce differentiated progeny while maintaining a pool of stem cells, before becoming depleted through a terminal symmetric division (Calzolari et al., 2015). However, this view has been recently challenged. Instead, it has been proposed that adult SEZ NSCs engage in two types of coexisting divisions, 20% of them undergoing symmetric self-renewal to contribute to the stem cell reservoir and the other 80% undergoing symmetric consuming divisions that produce transient amplifying progenitors, a type of intermediate neural progenitor (INP/TAP) (Obernier et al., 2018), which, in turn, generate a large variety of olfactory bulb interneurons (Merkle et al., 2007, 2014). This division mode allows the uncoupling of self-renewal and differentiation. The transition between the two NSC pools remains unclear.

In the adult SGZ niche (Figures 2B,B’), most divisions of radial glia-like NSCs are asymmetric (Figure 1B), giving rise to NSCs and dividing progenitors that will later become neurons (Encinas et al., 2011). However, symmetric self-renewing divisions have also been detected by in vivo clonal analysis with genetic marking (Bonaguidi et al., 2011). Recent live-imaging data suggests that radial glia-like NSCs follow a temporal developmental-like program upon activation, comprising an initial proliferative (symmetric) phase followed by a neurogenic (asymmetric) phase (Pilz et al., 2018). Active radial glia-like NSCs likely retain a molecular memory of their history and return to a less dormant quiescent state (Urban et al., 2016; Blomfield et al., 2019; Urban et al., 2019).

Adult NSCs in the SGZ will give rise to only one type of excitatory neuron (the dentate gyrus granule neuron) and, to a lesser extent, will produce local astroglial cells (Suh et al., 2007; Bonaguidi et al., 2011). After undergoing a series of neurogenic asymmetric divisions, radial glia-like NSCs become exhausted and terminally differentiate into mature astrocytes. This gliogenic process is poorly defined but is exacerbated during aging (Encinas et al., 2011; Gebara et al., 2016; Diaz-Moreno et al., 2018; Martin-Suarez et al., 2019) and in pathology (Sierra et al., 2015). Intriguingly, the terminal conversion of radial glia-like NSCs into astrocytes has not yet been captured by live imaging (Pilz et al., 2018), so additional studies are required to elucidate this pathway.

In summary, the presence of INPs is conserved in the fly and in mammalian adult neurogenic niches as a strategy to produce lineages with more neurons, in ways that resemble indirect neurogenesis in the developing mammalian brain. During adulthood, the dynamics of NSCs in the SGZ recapitulate the irreversible switch from a symmetrical self-renewing phase to an asymmetrical neurogenic division phase that characterizes cortical development. Conversely, in the SEZ, two subtypes of NSCs seem to coexist based on their symmetric mode of division. The molecular basis of these division modes, and the number of times adult NSCs divide before depletion, remains elusive.



INTRINSIC CONTROL OF NEURAL PROGENITOR FATE: TEMPORAL AND REGIONAL PATTERNS


Production of Cell Types in Drosophila

Neural stem cells can proliferate and differentiate into various cell types in response to both intrinsic factors and extrinsic cues from their stem cell niche. Spatial patterning plays a key role in acquiring NSCs identities in the developing nervous system. In the early embryo, the combined action of segment polarity, dorso-ventral, columnar and Hox genes act in gradients along the AP and DV axes and form an orthogonal grid that regionally divides the ventral nerve cord neuroectoderm and specifies the neuroblast identity (Table 1; Skeath and Thor, 2003; Technau et al., 2006; Urbach and Technau, 2008; Estacio-Gomez and Diaz-Benjumea, 2014). Interestingly, neuronal subtype specification in the vertebrate hindbrain and spinal cord relies on Hox-dependent regionalization of progenitor and postmitotic cells along the rostrocaudal axis as well in response to opposing morphogen gradients (Sagner and Briscoe, 2019), indicating that spatial colinearity is conserved among vertebrates and Drosophila (Philippidou and Dasen, 2013). In the larval brains, optic lobe neurons originate from two neuroepithelia, called the outer (OPC, Figures 2A,A’) and inner proliferation centers (IPC) (Hofbauer and Campos-Ortega, 1990). The OPC that gives rise to neuroblasts (Egger et al., 2007) is patterned into spatial domains along the anterior–posterior axis by expression of the transcription factors Visual system homeobox 1 (Vsx1), Optix and retinal homeobox (Rx), and the signaling molecules decapentaplegic (dpp), wingless (wg), and hedgehog (hh) (Table 1; Erclik et al., 2008, 2017; Gold and Brand, 2014).


TABLE 1. Intrinsic factors and glial-derived extrinsic signals influencing cell decisions in Drosophila and mammalian neurogenic niches.
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Neural progenitors and NSCs also generate distinct neuronal and glial subtypes over time (Figure 3). This generation of diversity in the developing brain depends on the sequential expression of transcription factors, a phenomenon known as temporal patterning (Doe, 2017; Holguera and Desplan, 2018) that was first observed in the embryonic Drosophila ventral nerve cord (Kambadur et al., 1998; Brody and Odenwald, 2000; Grosskortenhaus et al., 2005; Baumgardt et al., 2009; Doe, 2017). Indeed, temporal patterning is how the neural progenitors in Drosophila generate cellular diversity in different areas of the brain (Morante and Desplan, 2008; Erclik et al., 2017; Konstantinides et al., 2018). For example, Type I neuroblasts of the larval central outer proliferation center (c-OPC) express six different transcription factors as they age: homothorax (hth), klumpfuss (klu), eyeless (ey), sloppy paired 1 (slp1), Dichaete (D), and tailless (tll) (Table 1; Morante et al., 2011; Li et al., 2013; Suzuki et al., 2013). These temporal series are not unique and, for example, larval neuroblasts at the t-OPC express Distal-less (Dll), ey, Slp1, and D (Bertet et al., 2014) while neuroblasts from the d-IPC express asense (ase), D, atonal (ato), and dachshund (dac) (Table 1; Apitz and Salecker, 2018; Mora et al., 2018; Pinto-Teixeira et al., 2018).
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FIGURE 3. Temporal patterning in neural progenitors in Drosophila and in mammals. Upper panel, transcription factor sequences expressed in embryonic and larval Drosophila neural progenitors. Lower panel, core transcription factor sequence expressed in glutamatergic neurogenesis in the developing cerebral cortex, adult SGZ neurogenesis and adult OB glutamatergic juxtaglomerular interneuron neurogenesis. aRG, apical radial glia; c-OPC, central outer proliferation center; d-IPC, distal inner proliferation center; INP, intermediate neural progenitors; Nbs, neuroblasts; t-OPC, tip of the outer proliferation center; VNC, ventral nerve cord.


Embryonic and larval Type II neuroblasts, and their derived INPs, have adopted a different strategy to increase neural diversity in the adult central complex. In their case, both neuroblasts and INPs express their respective sequences of temporal transcription factors that remain identical as they age from the embryonic to the larval stage. These are castor (cas), D, and seven up (svp) in neuroblasts; and D, grainyhead (grh) and ey in INPs (Table 1; Bayraktar and Doe, 2013; Walsh and Doe, 2017; Alvarez and Diaz-Benjumea, 2018).

However, not all temporal transcription factor sequences remain identical during the embryonic and larval stages. Type I neuroblasts in the embryonic ventral nerve cord and thoracic larval neuroblasts, which delaminate from the embryonic neuroectoderm of the ventral nerve cord, also sequentially express transcription factors, but these sequences differ between the animals’ embryonic and larval lives. Embryonic ventral nerve cord neuroblasts express a complex series of transcription factors [hunchback (hb), krueppel (Kr), POU domain protein 2 (Pdm2), Cas and grh], but thoracic Type I neuroblasts only express Cas and give rise to a series of early-born neurons expressing the BTB transcription factor Chinmo and the RNA-binding protein Imp, and later-born neurons expressing broad (Br) and another RNA-binding protein, Syp (Zhu et al., 2006; Maurange et al., 2008). Svp, an orphan nuclear hormone belonging to the COUP-TF family, triggers this temporal transition from Imp and Chinmo expression to Syp and Br expression by terminating Cas expression (Table 1; Maurange et al., 2008; Ren et al., 2017; Syed et al., 2017; Kanai et al., 2018).

In summary, these studies show that combinatorial inputs from the temporal and spatial axes act together to promote neural diversity in the central nervous system (Figure 4).
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FIGURE 4. Spatial and temporal patterning on NSCs act together to promote neural diversity in the central nervous system.




Production of Neurons During Development in Mammals

In contrast to Drosophila neural progenitors, the temporal sequence of transcription factors in mammalian NSCs during development is less well understood. In the following section we will focus on the current understanding of cortical glutamatergic projection neuron production, a highly stereotyped process in which early-generated neurons occupy the deep layers of the cortex (V and VI) and late born neurons occupy the upper layers (II–IV) (Angevine and Sidman, 1961; Rakic, 1972). In this lineage, the transcription factor Pax6 specifically expressed in radial glia participates in the patterning of the telencephalon and in instructing neurogenesis through a cascade of transcription factors (Pax6 → Ngn2 → Tbr2 → Tbr1) that are sequentially expressed in radial glia cells, INPs and postmitotic glutamatergic projection neurons (Figure 3; Gotz et al., 1998; Stoykova et al., 2000; Heins et al., 2002; Englund et al., 2005). Tbr2, the transcriptional target of Ngn2, exerts key functions in this cascade: it directly represses Pax6 to favor the transition between cellular stages, from radial glia to INP; it promotes differentiation through the activation of projection neuron transcription factors including Tbr1, Ctip2, and Satb2 (Elsen et al., 2013; Kovach et al., 2013; Mihalas et al., 2016) and it regulates regional identity through the repression of ventral genes (Kovach et al., 2013). In addition, from the well-established gene repression network involved in the specification of deep neurons (Sox5, Tbr1, Fezf2, Ctip2) and upper-layer neurons (Satb2) within the mammalian cortex (Table 1; Britanova et al., 2008; Kwan et al., 2008; McKenna et al., 2011; Srinivasan et al., 2012; Leone et al., 2015), only Fezf2 has been detected in cortical progenitors (Hirata et al., 2004) and the rest are expressed in postmitotic neurons. Upper-layer competence has been linked to deep-layer neurogenesis. It is determined primarily through the repression of Tbr1 and derepression of Fezf2 by Foxg1 to acquire deep-layer identity, and the posterior feedback signal from deep-layer neurons to repress Fezf2/Ctip2 (Toma et al., 2014). Brn1 and Brn2 are also involved in this transition, as upper-layer neurons fail to be generated in Brn1/2 double mutants (Dominguez et al., 2013). Besides transcriptional regulation, another additional regulatory layer to ensure appropriate upper- versus deep-layer cortical neuron identities (Brn1 and Tle4) involves regulation at the translational level by the Pum2/4E-T repressor complex from aRGs that are transcriptionally primed to generate diverse types of neurons (Zahr et al., 2018).

Despite the lack of an unequivocal temporal transcription factor sequence in cortical neural progenitors, the COUP-TF family is still required for the temporal specification of mammalian neural progenitors. Knockdown of COUP-TFI/II in the mouse neocortex causes sustained neurogenesis and prolonged generation of early-born neurons, preventing the onset of gliogenesis (Naka et al., 2008). Other mammalian temporal factors include Ikaros, the ortholog of Hb, which specifies early-born neural identity in the cortex and retina (Elliott et al., 2008), and CasZ1, the ortholog of Cas, which specifies late-born neurons in the mammalian retina (Mattar et al., 2015). These studies reveal an overall conserved strategy regulating temporal identity transitions from flies to mammals and highlight the existence of very precise modes of gene expression control.



Production of New Neurons During Adulthood

The generation of neuronal diversity relies largely on the regional patterning experienced by the cells during development, which, in turn, depends on morphogen gradients. In mice, SEZ NSCs are found in the lateral, medial and dorsal walls of the lateral ventricles, in the rostral migratory stream that directs the new neurons to the olfactory bulb, and in the olfactory bulb core itself (Figure 1B; Merkle et al., 2007; Alonso et al., 2008; Moreno-Estelles et al., 2012; Mizrak et al., 2019). NSCs in these different locations produce a variety of interneuron subtypes in the olfactory bulb due to a mosaic of patterned progenitor domains: ventral NSCs are the source of deep granule neurons and calbindin-positive periglomerular neurons, whereas NSCs in dorsal domains generate superficial granule neurons and dopaminergic periglomerular neurons (Merkle et al., 2007). Ultimately, this complex organization depends on the positional information integrated by the NSCs during development that correlates with the expression of a transcription factor code (Merkle et al., 2007; Fuentealba et al., 2015). For instance, pallial markers such as Emx1 and Pax6 are expressed in the dorsal domains; subpallial markers such as Dlx2, Gsh2, and Nkx2-1 are expressed in the lateral and ventral domains, respectively; and septal ventricular markers like Zic1/2 are expressed in the medial domains (Table 1; Kohwi et al., 2007; Young et al., 2007; Winpenny et al., 2011; Azim et al., 2012; Lopez-Juarez et al., 2013; Merkle et al., 2014; Delgado and Lim, 2015; Fiorelli et al., 2015; Tiveron et al., 2017). Interestingly, a population of glutamatergic juxtaglomerular excitatory OB interneurons that end up in the external plexiform layer are produced in the SEZ through the conserved Pax6 → Ngn2 → Tbr2 → NeuroD → Tbr1 transcription factor sequence (Brill et al., 2009; Roybon et al., 2009a; Figure 3), highlighting the conservation of this cascade for the specification of glutamatergic cell fate.

Cell-intrinsic programs are maintained even when ventral SEZ progenitors are heterotopically grafted into the dorsal SEZ or when they are cultured in vitro (Merkle et al., 2007), although cells can still switch fate when a single dorsal or lateral SEZ-enriched transcription factor is overexpressed (Azim et al., 2015). This indicates that the positional identity acquired by SEZ NSCs during development becomes independent of morphogen signaling in the adult brain. Recent data show that the preservation of this positional identity during adulthood involves a cell-autonomous epigenetic memory mechanism that depends on the chromatin regulator mixed-lineage leukemia 1 (Mll1) (Delgado et al., 2020), the mammalian homolog of the Drosophila gene trithorax (trx). Trx proteins are a heterogeneous group with varied activities mainly related to chromatin modification and remodeling to maintain active states and, thus, counteract the silencing activity of the polycomb group proteins (Piunti and Shilatifard, 2016; Schuettengruber et al., 2017). Classical genetics approaches in Drosophila revealed that both groups of proteins preserve the expression of Hox genes that determine anterior–posterior identities, although they are not involved in their induction (Geisler and Paro, 2015). In ventral SEZ NSCs, Trx/Mll1 is similarly required for maintaining Nkx2-1 expression, yet it does not participate in the initial induction of this transcription factor, which ultimately depends on the ventral morphogen sonic hedgehog (Shh) (Delgado et al., 2020).

Intriguingly, embryonic progenitors and adult NSCs located at equivalent sites and patterned similarly produce different progenies; for instance, aRGs in the dorsal pallium generate excitatory cortical neurons, whereas adult dorsal SEZ NSCs, related to these aRGs, produce inhibitory olfactory bulb interneurons (Fuentealba et al., 2015). Furthermore, there is a temporal pattern in the production of different subtypes of olfactory bulb interneurons, suggesting that different NSC domains dominate neuronal production at specific time points (Batista-Brito et al., 2008). The molecular program underlying these temporal switches has not been completely defined yet and future lineage tracing and scRNA-seq studies are required to solve the intricate codes that define SEZ NSC heterogeneity in time and space.

For producing new granule neurons in the adult hippocampal SGZ, the patterning information would also be acquired early during embryogenesis and preserved across development and into adulthood (Morales and Mira, 2019). SGZ NSCs are a continuum derived from progenitor cells that migrate out of the dentate neuroepithelium expressing the homeodomain-only protein, Hopx (Li et al., 2015; Berg et al., 2019) and the transcription factors Pax6 and Sox9 (Nelson et al., 2020). Recent data suggest that an early cohort of Tbr2 INPs expressing Notch ligands pioneers the subsequent NSC migration toward the newly formed outer (abventricular) SGZ niche, keeping neighboring NSCs in an undifferentiated state through Notch signaling (Nelson et al., 2020). The regional identity of SGZ NSCs is markedly influenced by a number of other transcription factors (Hatami et al., 2018), including Emx2 and Lef1 (Pellegrini et al., 1996; Galceran et al., 2000; Oldekamp et al., 2004), as well as by Wnt and bone morphogenetic protein signaling from the adjacent cortical hem (Li and Pleasure, 2007). Interestingly, the transcription factor sequence Pax6 → Ngn2 → Tbr2 → NeuroD → Tbr1 observed in developmental glutamatergic neurogenesis in the cortex is conserved along the lineage progression of adult SGZ neurogenesis (Figure 3; Hodge et al., 2008; Roybon et al., 2009b). Tbr2 likely facilitates the progression from the NSC to the INP state by directly binding and repressing Sox2 (Hodge et al., 2012).

Hopx-positive dentate progenitors upregulate cell membrane genes over development, pointing to a transition from an intrinsic mode of regulation in embryonic radial glia to an extrinsic, niche-dependent mode in adult RG-like NSCs (Berg et al., 2019). Similarly, sc-RNAseq data of adult hippocampal quiescent NSCs confirm that adult NSCs are enriched in genes encoding membrane-related proteins, pointing to an enhanced niche signaling integration capacity (Shin et al., 2015; Artegiani et al., 2017; Hochgerner et al., 2018). Furthermore, at least for some signaling pathways such as Notch, there is a switch in the expression of receptor subtypes in NSCs during the transition from development to adulthood that could influence the outcome of the signaling (Nelson et al., 2020).



EXTRINSIC CONTROL OF NEURAL PROGENITORS

Neural progenitors and NSCs are also influenced by the local microenvironment where they reside, which determines their fate and self-renewal capacity (Morrison and Spradling, 2008; Siegenthaler et al., 2009; Lehtinen and Walsh, 2011; Lehtinen et al., 2011; Siegenthaler and Pleasure, 2011). The microenvironments in different brain regions and stages of development can be quite diverse, and this can be exploited as a strategy to generate cellular diversity.

Recent studies in the developing mouse forebrain have shown that transmission of temporal birthmarks from mother apical progenitors to their daughter cells fades with differentiation as environmental factors predominate (Vitali et al., 2018; Telley et al., 2019). A good example of this process occurs in developing layer IV neurons, whose final molecular identity and function is instructed by thalamocortical inputs (Pouchelon et al., 2014). Another remarkable illustration of microenvironmental influences is the production of signaling factors in postmitotic neurons. For example, neurotrophin-3 is regulated by the transcription repressor Sip1 (Zeb2), which feeds back to progenitors to modulate the timing of two cell fate switches during corticogenesis: neurogenesis to gliogenesis, and deep- to upper-layer neuron transitions (Seuntjens et al., 2009; Parthasarathy et al., 2014).

Classical transplantation experiments established that local environmental cues change over time and can control the competence of embryonic mammalian neural progenitors to produce neurons of different layers (McConnell, 1991). However, very few of these niches and their molecular signals have been characterized. An example of one that has is the extrinsic signaling from non-neural tissues, which has been proposed to co-ordinate neural progenitor and NSC proliferation in the developing mammalian forebrain (Siegenthaler and Pleasure, 2010; Lehtinen and Walsh, 2011; Lehtinen et al., 2011). In particular, retinoic acid signaling from the meninges was established to be important for switching from symmetric to asymmetric neurogenic proliferation in Foxc1-knockout mice (Siegenthaler et al., 2009). Additionally, meningeal cells organize the pial basement membrane, an extracellular matrix enriched in a variety of growth factors that covers the brain and might be involved in signaling at the basal side (Siegenthaler and Pleasure, 2011). Meanwhile, the apical side of embryonic and adult neural progenitors are in contact with the cerebrospinal fluid and the vascular system, and therefore might be influenced by extrinsic cues released from these non-neural tissues to regulate their self-renewal, differentiation and migratory capacity (Sawamoto et al., 2006; Tavazoie et al., 2008; Lehtinen and Walsh, 2011; Gato et al., 2019; Fame and Lehtinen, 2020). Indeed, isolated mouse apical progenitors cultured in vitro show only limited progression of temporal gene expression (Okamoto et al., 2016), suggesting that temporal progression in mammalian cortical progenitors may also require cell-extrinsic cues. This does not, however, seem to be the case with embryonic fruit fly neuroblasts. Isolated embryonic neuroblasts cultured in vitro express the same temporal sequences as observed in vivo (Grosskortenhaus et al., 2005), suggesting that the timing of temporal identity transitions in embryonic neuroblasts is regulated by an intrinsic mechanism (Doe, 2017), probably due to the short duration of the embryonic stage (24 h) and rapid divisions of embryonic neuroblasts compared to mammals.


Adult Neurogenic Niches in Rodents

Heterotopic transplantation experiments demonstrated that cell-intrinsic programs tightly regulate SEZ NSCs (Merkle et al., 2007). Yet, despite all the intrinsic determinants, SGZ NSCs are highly plastic and their fate can be redirected when exposed to an adequate milieu (Suhonen et al., 1996). For instance, when transplanted into the rostral migratory stream, their progeny migrates to the olfactory bulb and differentiates into dopaminergic neurons (a non-hippocampal subtype), but when grafted into a non-neurogenic area, such as the cerebellum, they do not generate neurons (Suhonen et al., 1996). Similarly, grafting clonally expanded non-neurogenic NSCs from the spinal cord to the dentate gyrus results in the cells differentiating into new neurons that resemble resident hippocampal granule neurons, whereas cells grafted into non-neurogenic areas of the hippocampus either remain undifferentiated or give rise primarily to NG2 oligodendrocyte precursors, but not to neurons (Shihabuddin et al., 2000). This indicates that the grafted cells are instructed by local signals emanating from the neurogenic niche. A variety of factors released form the niche vasculature, choroid plexus, cerebrospinal fluid, ependymal cells, and local interneurons influence adult NSCs. Their role falls beyond the scope of the next section, that will instead focus on glial-derived niche signals.



THE PREVALENT ROLE OF GLIAL-DERIVED SIGNALS


Glial-Derived Signaling in Drosophila

Extrinsic signals from glia play important roles in microenvironments where they can act directly on different biological processes (Figure 5A). In larval Drosophila brains, cortex glia are the source of Spitz, a homolog of transforming growth factor-alpha, which is required for the initial proliferation of NECs in the medulla through the activation of the EGFR (Morante et al., 2013). Other glial-derived signals that regulate neuroblast proliferation in the developing larval brain include Activin-β (Act-β), via its receptor baboon (babo) (Zhu et al., 2008), dally-like (dlp), a heparan sulfate proteoglycan, and glass-bottom boat (gbb), a BMP homolog (Kanai et al., 2018). Surface and cortex glia also provide Drosophila insulin-like peptides (dILPs) in response to systemic nutritional cues (Chell and Brand, 2010; Sousa-Nunes et al., 2011; Lanet et al., 2013; Otsuki and Brand, 2017, 2018), and components of the extracellular matrix, such as trol, a secreted heparan sulfate proteoglycan Perlecan (Voigt et al., 2002; Park et al., 2003) required for timely reactivation of quiescent larval neuroblasts in the ventral nerve cord and CB. Conversely, secretion of the anachronism (ana) glycoprotein also affects the initiation of neuroblast proliferation, but in the opposite way: in ana mutants, mitotically regulated neuroblasts begin cell division too early (Ebens et al., 1993). Glial cells are not only necessary to regulate the proliferation of neuroblasts, but also protect the proliferation of neuroblasts under conditions of hypoxia and oxidative stress (Bailey et al., 2015), or nutrient restriction, through positive regulation of the jelly belly (jeb) secretion to stimulate Anaplastic lymphoma kinase (Alk)-dependent PI3K signaling in neuroblasts and protects their proliferation (Cheng et al., 2011). Release of dILPs by wrapping glia also stimulates lamina precursor cells to differentiate into lamina neurons in the visual system (Fernandes et al., 2017). These examples show the important function of glial-derived signaling within the stem cell niche in flies. Recent studies have also highlighted that establishing the correct niche architecture is necessary for encasing neural progenitor cells and NSCs and allowing them to divide (Morante et al., 2013; Speder and Brand, 2018).
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FIGURE 5. Niche glia-derived signals in the larval Drosophila brain and adult neurogenic areas. (A) Schematic representation of niche glia-derived signals in the larval central brain (CB, yellow) and optic lobe (OL, green), and schematic illustration of a GFP-labeled cortex glia Flp-out clone (gray) showing how the cortex glia ensheaths a Type I Nb (blue), ganglion mother cells (orange) and its neural progeny (yellow) in the central brain. (B) Schematic representation of niche astroglia-derived signals in the adult neurogenic areas. Astrocytes (blue cells) are regionally specified and secrete a variety of local signals to regulate neurogenesis. Astrocytes from the SEZ (the site of neuronal birth) secrete Wnt7a while olfactory bulb astrocytes (OB, the site of neuronal integration) express the Wnt antagonist sFRP4. Hippocampal astrocytes specifically release Wnt3, IL-1β, IL-6, and neurogenesin-1. Rostral migratory stream (RMS) astrocytes that ensheath migratory neuroblasts en route to the OB and hippocampal astrocytes also modulate adult neurogenesis through the supply of neurotransmitters (glutamate, D-serine).




Niche Astroglial-Derived Signaling and Cell Heterogeneity in Rodents

During embryonic development in mammals, neurogenesis precedes gliogenesis, so the new neurons are generated in environments devoid of mature astroglial cells. However, in the adult, astrocytes are distributed throughout the neurogenic niches (Figure 5B), where they play fundamental roles. Gene expression profiling shows that astrocytes are heterogeneous across, and even within, regions (Doyle et al., 2008; Morel et al., 2017, 2019; Boisvert et al., 2018; Batiuk et al., 2020; Bayraktar et al., 2020), in line with the remarkable morphological and functional heterogeneity of astroglia throughout the brain (Emsley and Macklis, 2006; Matyash and Kettenmann, 2010). Specifically, co-culture experiments demonstrate that niche astrocytes (but not those from non-neurogenic areas such as the adult spinal cord) are regulators of all the stages along the neurogenic cascade, supporting NSC self-renewal, proliferation and neuronal differentiation of precursor cells through the release of soluble and/or cell membrane-bound factors (Lim and Alvarez-Buylla, 1999; Song et al., 2002). For instance, the molecular signatures of astroglia from the SEZ (the site of neuronal birth) and the olfactory bulb (the site of neuronal differentiation and maturation) are remarkably different: Wnt7a secreted by SEZ astrocytes promotes symmetric NSC self-renewing divisions, whereas its antagonist sFRP4 expressed by olfactory bulb astrocytes presumably blocks the activation of local olfactory bulb NSCs (Moreno-Estelles et al., 2012). In the SGZ, Wnt3, IL-1β, and IL-6 and the BMP antagonist neurogenesin-1 released by hippocampal astrocytes enhance neuronal fate specification and differentiation (Ueki et al., 2003; Lie et al., 2005; Barkho et al., 2006; Figure 5B). Non-neurogenic astrocytes instead secrete IGFBP6 (Barkho et al., 2006), which negatively regulates insulin growth factor (IGF)-II, an important player (together with IGF-I) in adult hippocampal neurogenesis (Bracko et al., 2012; Nieto-Estevez et al., 2016).

Hippocampal astrocytes can also negatively affect neurogenesis possibly through the cell membrane-bound Notch ligand, Jagged1 as suggested from in vitro experiments performed with astrocytes and NSCs isolated from the postnatal forebrain (Wilhelmsson et al., 2012). Astrocytes modulate the late phases of adult neurogenesis through the supply of neurotransmitters such as glutamate and D-serine. Blocking their exocytotic vesicular release from astrocytes or knocking-out NMDA receptors in neuroblasts compromises neuroblast survival during migration from the SEZ toward the olfactory bulb (Platel et al., 2010) and reduces dendritic spine maturation and synaptic integration of adult-born hippocampal neurons (Sultan et al., 2015). The extracellular matrix protein trombospondin-1 secreted by astrocytes, involved in astrocyte-induced synaptogenesis, is probably an astrocyte-derived factor that affects several steps of the neurogenic process, although its expression is not restricted to the niches (Lu and Kipnis, 2010). Other astrocyte-related factors regulating neuronal function throughout the brain may also contribute to the adequate functionality of the adult-born neurons once these neurons become mature, fully integrated and indistinguishable from their embryonically born counterparts.

Astrocytes may be more diverse than anticipated, with differences not only between distant regions such as the SEZ niche and olfactory bulb (Moreno-Estelles et al., 2012), but also possibly even within regions (Figures 2B,B’), including the hippocampal niche (Beckervordersandforth et al., 2014; Schneider et al., 2019). The advent of transcriptomics is unveiling the molecular basis for the plurality of astrocytes (Matias et al., 2019). A large scRNA-seq study uncovered seven regionally restricted astrocyte subtypes in the brain that correspond to developmental boundaries (Zeisel et al., 2018), while a more recent scRNA-seq dataset identified five distinct astrocyte subtypes in the cortex and hippocampus that are distinguished on the basis of their gene expression signature and topographic distribution (Batiuk et al., 2020). Another recent single-nucleus RNA-seq study of the hippocampus confirmed the existence of a complex atlas of astroglial cells with a continuous range of profiles and revealed the existence of an additional astrocyte state associated to aging and Alzheimer’s (Habib et al., 2020). Other studies have also uncovered the existence of intra-cortical astroglial heterogeneity and highlight layer-specific interactions between neurons and astrocytes (Lanjakornsiripan et al., 2018; Morel et al., 2019; Bayraktar et al., 2020), so it is conceivable that this holds true for other zones. A putative enrichment of specific astrocytic subtypes in defined subdomains of adult neurogenic areas may have interesting implications for our understanding of the functional interactions taking place between astrocytes, NSCs, newly born neurons, and pre-existing neurons.



FUTURE PERSPECTIVES OF NSC RESEARCH

Single-cell RNA sequencing technology is revolutionizing how cell types are identified in developing and adult brains, providing astonishing insight into cellular diversity in specific regions including the optic lobe (Konstantinides et al., 2018), antennal lobe (Li et al., 2017), ventral nerve cord (Allen et al., 2020), and CB (Croset et al., 2018). In organisms with relatively simple brains, such as flies, whose brains consist of approximately 150,000 cells, the whole adult brain (Davie et al., 2018) can be investigated using this technology. And in animals with larger brains, like mice, the hypothalamus (Campbell et al., 2017; Romanov et al., 2017), lateral geniculate nucleus (Kalish et al., 2018), midbrain (La Manno et al., 2016), somatosensory cortex and hippocampus (Zeisel et al., 2015), visual cortex and anterior lateral motor cortex (Tasic et al., 2016, 2018); have been examined, among other areas. Some studies employ transgenic line–based sampling strategies and retrograde labeling of projection neurons to further assess the correspondence between the scRNA-seq identified cell types and specific cellular functions, including differential electrophysiological properties and long-range projection specificity (Zeisel et al., 2015; Tasic et al., 2016, 2018; Economo et al., 2018). Furthermore, spatiotemporal gene expression analysis of scRNA-seq datasets is revealing in unprecedented detail the intricate developmental trajectories that brain cells undergo through differentiation from embryonic neural progenitors (Telley et al., 2016, 2019; Nowakowski et al., 2017).

In the adult mouse, scRNA-seq studies have improved our understanding of the cellular composition of neurogenic niches. They have identified cellular states along the neurogenic lineage of the SEZ (Llorens-Bobadilla et al., 2015; Luo et al., 2015; Dulken et al., 2017; Zywitza et al., 2018; Mizrak et al., 2019) and the SGZ of the hippocampal dentate gyrus (Shin et al., 2015; Artegiani et al., 2017; Hochgerner et al., 2018). In Drosophila, a pioneer single-cell transcriptomic study has established a molecular cell atlas of the first instar larval brain (Brunet Avalos et al., 2019), identifying neurons expressing distinct neurotransmitters, neuromodulators and neuropeptides; neural progenitor cells; glial cells of different types; undifferentiated neurons; and non-neural cells.

Future studies will complement current knowledge and allow us to establish a detailed catalog of brain cell types (Ecker et al., 2017; Regev et al., 2017), as well as to fully map the cellular, molecular and spatial organization of the complex niche networks that maintain and regulate the division capacity of neural progenitors and stem cells. New data are already starting to shed light on the intrinsic epigenetic mechanisms that preserve regional identities in NSCs as the brain increases its complexity from development to adulthood. Additional studies are needed to clarify if there are glial subtypes in the niches and, if so, to analyze their possible role in regulating the different stages of the neurogenic cascade. It will be equally interesting to explore whether adult NSCs contribute to the intra-regional heterogeneity of astroglia and to generating their own local glial niche. Finally, we need to better understand how extrinsic cues received by neural progenitors are effectively interpreted to produce the correct intrinsic responses, as little is known about the specifics of these interactions.
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Adult neurogenesis, i.e., the generation of neurons from neural stem cells (NSCs) in the adult brain, contributes to brain plasticity in all vertebrates. It varies, however, greatly in extent, location and physiological characteristics between species. During the last decade, the teleost zebrafish (D. rerio) was increasingly used to study the molecular and cellular properties of adult NSCs, in particular as a prominent NSC population was discovered at the ventricular surface of the dorsal telencephalon (pallium), in territories homologous to the adult neurogenic niches of rodents. This model, for its specific features (large NSC population, amenability to intravital imaging, high regenerative capacity) allowed rapid progress in the characterization of basic adult NSC features. We review here these findings, with specific comparisons with the situation in rodents. We specifically discuss the cellular nature of NSCs (astroglial or neuroepithelial cells), their heterogeneities and their neurogenic lineages, and the mechanisms controlling NSC quiescence and fate choices, which all impact the neurogenic output. We further discuss the regulation of NSC activity in response to physiological triggers and non-physiological conditions such as regenerative contexts.
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Adult neurogenesis, first identified as such in birds (Goldman and Nottebohm, 1983), has been documented in all vertebrate species studied (Altman and Das, 1965; Eriksson et al., 1998; Byrd and Brunjes, 2001; Suh et al., 2007). The persistence of neuronal production in the adult brain is the product of specialized neural precursor cells, the neural stem cells (NSCs). In rodents, newly-born neurons are physiologically important for the plasticity of specific circuits, notably involved in learning and memory, and impaired adult neurogenesis can correlate with emotional disorders (Anacker and Hen, 2017; Jorgensen, 2018; Toda et al., 2019). NSCs have also been postulated to be at the origin of some brain tumors (Fan et al., 2019; Matarredona and Pastor, 2019). The fundamental importance of NSCs stimulated an explosive research field during the last 20-years, and, more recently, the development of a new study model: the zebrafish adult brain. The large amount of adult NSCs in this system, their widespread distribution and varied properties, and their reactivity toward regeneration, all propelled the zebrafish model to the forefront of adult NSC research, as a complementary and synergistic model to rodents (Anand and Mondal, 2017; Lindsey et al., 2018; Zambusi and Ninkovic, 2020). The time to reach sexual maturity in zebrafish (3 months) and the adult lifespan also approximate those of mouse, allowing to draw direct temporal parallels. With specific focus on NSCs of the dorsal telencephalon, we will review here these different attributes, stressing the contribution of the zebrafish model to understand basic NSC properties such as their lineages, quiescence, fate choices, heterogeneities, population behavior and their physiological and pathological recruitment.


NEURAL STEM CELLS: A VARIETY OF PROGENITOR CELL SUBTYPES DRIVE NEUROGENESIS IN THE ADULT ZEBRAFISH CENTRAL NERVOUS SYSTEM


Active Neurogenesis From Multiple Neurogenic Niches

The persistent and widespread neurogenic activity of the zebrafish adult brain was first recognized using classical tracing methods employing thymidine analogs: 16 proliferation domains, present across all brain subdivisions, proved to be at the origin of neurons within a few weeks of chase (Figure 1A; Adolf et al., 2006; Grandel et al., 2006). Using similar approaches, physiologically silent but activatable neural progenitors were also identified in the adult zebrafish spinal cord (Reimer et al., 2009). These constitutive and facultative neurogenic niches raised important interest. Indeed, by their variety, they permit comprehensive comparisons of neurogenic progenitor identities and properties, and of neurogenesis modes, in the adult vertebrate central nervous system.


[image: image]

FIGURE 1. Progenitor cells in the zebrafish adult brain at 3 months-post-fertilization (mpf). (A) Scheme of a mid-sagittal section (anterior left) showing the localization of proliferation zones (colored dots) (Adolf et al., 2006; Grandel et al., 2006). (B,B’) Dorsal view of a whole-mount telencephalon from a gfap:egfp transgenic animal, processed in triple immunohistochemistry for GFP, PCNA (B), and GS (B’). Anterior is bottom left. Note the continuous layer of progenitor cells visible from the dorsal surface. Pallial territories are indicated by the dotted lines (see Dray et al., 2015). Yellow stars indicate the location of the territory homologous to the hippocampus (Ganz et al., 2015, and see Rodríguez et al., 2002 in goldfish), and the pink star the territory homologous to the amygdala (von Trotha et al., 2014). Anti-GS immunohistochemistry (B’) permits to see basal RG processes (arrows). (C–E) Cross-section of a telencephalon from a gfap:egfp transgenic animal, processed in double immunohistochemistry for GFP and PCNA and counter-stained with DAPI (C) and high magnifications of the domains boxed (C’,C”,E). In addition, a high magnification view of the ventricular zone of Dm is shown (D,D’) in 3D (Imaris software) to appreciate radial glial cell morphology. (E) Focus on NE progenitors at the pallial edge (arrow). Scale bars: (B,B’,C) 100 mm; (C’,C”) 30 mm; (D,D’) 20 mm; (E) 50 mm. Cb, cerebellum; D, dorsal part of the telencephalon (pallium) (Da: anterior part of D, Dm: medial part of D; Dl, lateral part of D); Di, diencephalon; F&VL, facial and vagal lobes; Hyp, hypothalamus; OB, olfactory bulb; PO, preoptic area; TeO, tectum opticum.


We will focus in this review on adult neurogenesis in the zebrafish telencephalon, which hosts the territories homologous to two main neurogenic niches of adult rodents: the sub-ependymal zone of the lateral ventricle (SEZ) and the sub-granular zone (SGZ) of the dentate gyrus of the hippocampus [for completeness on other territories, the reader is referred to other recent reviews or articles (Than-Trong and Bally-Cuif, 2015; Anand and Mondal, 2017; Lindsey et al., 2018)]. Following a process of eversion, likely involving both morphogenetic cell shape changes and anisotropic growth, the ventricle of the zebrafish dorsal telencephalon (pallium) becomes exposed dorsally, covered by an enlarged choroid plexus, with its dorsal midline flipped to lateral positions (Folgueira et al., 2012). This results in a medio-lateral inversion of homologous pallial territories between zebrafish and mammals. A tentative correspondence, based on ontogenetic and functional grounds, has been proposed (von Trotha et al., 2014; Dray et al., 2015; Ganz et al., 2015).



Neural Stem Cells and Neural Progenitors in the Adult Zebrafish Telencephalon

A variety of genetic and non-genetic tracing methods (Table 1), coupled with precise immunohistochemical or molecular characterizations, identified several neural progenitor subtypes in the adult zebrafish telencephalon. Some of them, notably radial glia (RG) of the pallium, are considered NSCs (discussion of the “NSC” versus “neural progenitor” nomenclature in Box 1, and see below).


TABLE 1. Tracing neural progenitors and/or their progeny in the adult zebrafish telencephalon.
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Box 1 | Neural Stem Cells and neural progenitors.

By definition, stem cells are individual cells endowed with long-term self-renewal and at least bi-potency. This initial definition is in line with a classical scheme where a stem cell upon division generates another stem cell and a differentiated progeny. However, clonal tracing in a number of adult stem cell systems rather supports a model where stem cells are self-renewing and bi-potent at the population level, choosing stochastically between balanced numbers of amplifying, asymmetric or differentiative divisions. This is no exception in the adult brain where several studies, both in mouse and zebrafish, are compatible, at least in part, with such “population asymmetry” ensuring both neural stem cell maintenance and neuronal production. These converging observations suggest to revise the strict definition of a neural stem cell toward that of neural stem cell population(s), characterized by their capacity, as a whole, to maintain themselves and generate neurons and/or post-mitotic glial cells. In the zebrafish adult pallium, these properties are met by radial glial cells (although to varying degrees). One can further distinguish constitutive and facultative neural stem cells (or population), the former being active physiologically and the latter being normally silent but becoming active, e.g., upon lesion (as is for example the case in the zebrafish spinal cord). The term “neural progenitor” is generally used more broadly, (i) to mention progenitors that are further committed along the neurogenesis lineage than neural stem cells (for example, the “activated neural progenitors” -NPs- of the zebrafish adult pallium or the equivalent “transit amplifying progenitors” -TAPs- of adult mouse neurogenic niches), (ii) to refer to neurogenic cells whose self-renewal potential has not been clearly assessed, (iii) or to jointly refer to all cells with neurogenic capacity (for example, NSCs + NPs).




Pallial Radial Glial Cells Are Molecularly and Cellularly Similar to Rodent Adult NSCs

Pallial RG are organized as a tight monolayer with their cell bodies lining the pallial ventricle. They exhibit overt apico-basal polarity, exposing a small apical membrane domain to the cerebrospinal fluid and extending a long and highly branched basolateral process across the pallial parenchyma (Figures 1C–D’). Pallial RG express astroglial markers (Glial Fibrilary Acidic Protein - gfap-, Brain Lipid-Binding Protein - blbp-, Nestin, Glutamine Synthetase -GS-) as well as S100β, which highlights NSCs and ependymal cells in rodents, and Aromatase B (Adolf et al., 2006; Grandel et al., 2006; Pellegrini et al., 2007; März et al., 2010a). Parenchymal astrocytes are absent from the adult zebrafish pallium before aging (Ogino et al., 2016); this observation and the expression of factors encoding astrocytic function in RG (GS, and the glutamate transporters Glast and Glt1) suggest that pallial RG serve the function of parenchymal astrocytes, and extend this function into the parenchyma via their basal process. Overall, the morphology and astroglial markers of pallial RG resemble those of adult NSCs in the mouse SEZ and SGZ (Than-Trong and Bally-Cuif, 2015). They also morphologically resemble radial glial cells of the developing mouse cortex, but differ from these in several other aspects such as their proliferation potential and activity, and their transcriptome (Götz et al., 2016) (and see below). In detail, distinct morphologies were described among pallial RG depending on their location (März et al., 2010a). To date, these differences have not been related to functional (whether astrocytic or stem) properties.

Like adult mouse NSCs, pallial RG co-express progenitor markers, such as the transcription factors Sox2, Hey1, and Her4 (mouse Hes5) (Kroehne et al., 2011; Than-Trong et al., 2018; Than-Trong et al., 2020). Of these, only the function of Hey1 was tested to date in zebrafish, and shown to be necessary for the maintenance of progenitor potential in vivo (Than-Trong et al., 2018). Hes5 (together with the related Hes factor Hes1) as well as Sox2 are, however, necessary for NSC maintenance in adult mouse (Ehm et al., 2010; Boareto et al., 2017; Sueda et al., 2019), and are likely to play a similar role in zebrafish.

At any given time, approximately 5% of pallial RG are found within the cell cycle (i.e., express the proliferation parkers PCNA or MCM2/5; these cells are referred to as “activated”). The remaining 95% are out of the cell cycle and interpreted as quiescent (see below) (Chapouton et al., 2010; März et al., 2010a). This interpretation as well as the self-renewal and neurogenic potential of the pallial RG population are supported by a number of converging arguments, including: (i) tracing assays demonstrating that individual RGs can oscillate between the activated and quiescent states, (ii) pharmacological assays or experimental injuries demonstrating that all, or most, RG can be brought into the activated state, (iii) genetic tracing identifying RG progeny at the individual and populational levels (Chapouton et al., 2010; März et al., 2010a; Kroehne et al., 2011; Alunni et al., 2013; Than-Trong et al., 2020). The latter experiments are particularly important as they demonstrate that her4-positive RG generate both pallial neurons and persisting pallial RG that are themselves neurogenic. Thus, at least at the population level, her4-positive RG act as NSCs. For comparison, RG of the developing mouse cortex do not exhibit quiescence phase, and their neurogenic activity is limited to the embryonic period (Götz et al., 2016).



Non-glial Pallial Progenitors

In addition, non-glial neural progenitors (NPs) (negative for astroglial markers and for her4) are present interspersed among RGs along the pallial ventricle (Ganz et al., 2010; März et al., 2010a). NPs are identified as progenitors according to their expression of Sox2, the fact that around 50% of them co-express proliferation markers at any time, and their neurogenic fate (assessed by retroviral tracing at short term) (Rothenaigner et al., 2011; Than-Trong et al., 2020). Cre-lox tracing with short chase times indicates these cells originate from pallial RG (Than-Trong et al., 2020). This population, however, lacks specific markers and to date was only relatively superficially analyzed. It is possibly heterogeneous, and in particular the properties of Sox2+;PCNA- cells have not been directly defined. NPs are classically considered equivalent to the Transit Amplifying Progenitors (TAPs) described in mouse (März et al., 2010a).



Neuroepithelial Progenitor Cells Are Maintained at the Adult Pallial Edge

Neuroepithelial (NE) cells are also present laterally and posteriorly at the junction of the pallium with the choroid plexus, a location corresponding to the dorsal midline (Figure 1E). These cells are ventricular and apico-basally polarized, express neither astroglial markers nor her4, and are proliferating. Their lack of astroglial markers and her4 expression, and their cuboidal as opposed to radial shape, distinguish them from RG. “Negative” tracing of NE cells in the adult pallium, using as landmark a neighboring her4.1:ERT2CreERT2 traced domain, suggests that these cells generate neurogenic RG in the postero-lateral pallial domain, as well as maintain themselves, acting as a local growth zone akin to the ones described in the adult optic tectum and retina (Dirian et al., 2014). Their exact lifespan and fate, however, remain to be studied in detail.



Highly Neurogenic Radial Glia Line the Subpallial Ventricle

RG cells also border the subpallial ventricle. They differ from pallial RG for their high levels of BLBP expression, their thick morphology, their higher proliferative potential, the interkinetic migration of their nuclei, and their generation of neurons that populate both the (subpallial) parenchyma and the olfactory bulb (Ganz et al., 2010; März et al., 2010a). Progenitors fated to the OB follow a longitudinal anterior-ward migration, akin to the rostral migratory stream of rodents, although glial corridors have not been observed (Kishimoto et al., 2011).




Embryonic Origin of Adult Pallial Radial Glia: Heterogeneity, Functional Impact, and Comparison With NSC-Generating Lineages in Rodents

Cre-lox lineage tracing indicates that pallial RG of the dorsal, medial and anterior pallial territories originate from embryonic RG that border the telencephalic ventricle at 1 day-post-fertilization (dpf) (Dirian et al., 2014). These embryonic RG, like their adult counterparts, express the Her transcription factor Her4. In contrast, as discussed above, adult RG of the postero-lateral pallium originate from the NE progenitor pool maintained at the pallial edge, itself deriving from dorsal NE progenitors located at the tel-diencephalic junction at 1 dpf (Dirian et al., 2014). NE progenitors express typical Her factors found at neural tube boundaries, such as Her6 and Her9, and her9 expression is maintained into adulthood (Figure 2A). The two pallial RG populations remain separated by a cryptic boundary, and differ in a number of ways: posterior RG have a higher proliferation rate, higher expression of blbp and lower expression of GS (these three features possibly being related with their relatively “younger” age). Further, this population can be replenished from the NE pool if RG are depleted at larval stages.
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FIGURE 2. Lineages at the origin of adult neurogenic progenitors in the vertebrate pallium. (A) Lineages in zebrafish, generating adult RG from embryonic RG (top) and NE progenitors (bottom). (B) Lineages in the killifish, where neurogenesis in adults is ensured by a long-lasting non-glial embryonic lineage (blue) dph: days post-hatching, wph: weeks post-hatching. (C) Lineages in mouse, where distinct modes of NSC production are described in the DG (top) and SEZ (bottom) (Dirian et al., 2014; Furutachi et al., 2015; Song et al., 2018; Berg et al., 2019; Coolen et al., 2020).


Teleost fish encompass over 26,000 species across a large variety of habitats, and display a number of adaptations including in the morphology, growth rates or sizes of their pallium. As a response to its ephemeral habitat, N. furzeri follows an explosive development to its adult size (Blažek et al., 2013), including accelerated pallial growth and neurogenesis. Recent work demonstrates that this is not due to the enhanced efficiency of existing lineages, but rather to the long-term persistence until adulthood of a highly neurogenic embryonic lineage (Figure 2B; Coolen et al., 2020). This study, which points to the variety of neurogenic adaptations in the adult vertebrate brain, illustrates the power of fish models to uncover the different natural strategies that can be used to amplify neurogenesis.

Finally, in addition to their embryonic origin, a potential determinant of NSC properties is the duration of their neurogenic activity. Genetic tracing and birth dating experiments indicate that most, likely all, RG of the dorso-medial and anterior pallial domain originate from a constitutively neurogenic lineage, i.e., generating neurons without interruption from embryo to adult (Figure 2A; Dirian et al., 2014; Furlan et al., 2017). This was later shown to be also the case for NSCs of the adult mouse DG (Song et al., 2018; Berg et al., 2019). In apparent contrast, NSCs of the adult mouse SEZ were shown to derive from cells entering quiescence at mid-embryonic stages, hence pausing prior to being remobilized in adults (Figure 2C; Furutachi et al., 2015). It is possible, however, that quiescence instatement in the SEZ is more gradual and that an asynchrony exists in the control of quiescence entry and neurogenic activity among SEZ NSCs, reconciling the different models. Finally, it remains to be formally demonstrated whether the NE progenitors located at the pallial edge, and the young RG that they progressively generate de novo in the adult pallium, have an equivalent in rodents.



Adult Neurogenic Lineages in the Zebrafish Pallium Are Devoid of Amplification and Drive Neuronal Addition


Different Amplification Strategies in Teleosts and Rodents

Downstream of NSCs, adult neurogenesis in mouse involves TAPs, i.e., non-stem neuronal progenitors of limited self-renewal. The amplification potential of TAPs greatly varies between the SEZ and DG: in average, a TAP would divide three to four times in the SEZ (Ponti et al., 2013), but once or twice in the DG (Seri et al., 2004; Encinas et al., 2011; Lugert et al., 2012; Figure 3D). TAP-like progenitors are also present in the developing mouse cortex, notably as basal progenitors expressing the transcription factor Tbr2. These basal progenitors originate from RG and generate cortical neurons following 1 or 2 divisions (Hevner, 2019). Tbr2 expression is also found in the adult SEZ in amplifying progenitors generated from the TAPs (Lugert et al., 2012; Nelson et al., 2020). tbr2 (eomesa) expression in the adult zebrafish pallium is largely regional and has not been directly associated with NPs (Ganz et al., 2015). The lineage amplification by pallial NPs is minimal, with at most one or two divisions, akin to TAPs of the DG (Figure 3C; Rothenaigner et al., 2011; Furlan et al., 2017). Hence, in the zebrafish pallium, extensive neuronal production is ensured by the continuous neurogenic activity of RG (notably in the cortical area, where neurogenesis is shut-down after birth in mammals) and the de novo addition of neurogenic RG into the system. The latter occurs through the activity of NE progenitors at the pallial edge, and currently unidentified “source cells” disseminated at the pallial ventricle (see below) (Than-Trong et al., 2020).
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FIGURE 3. Global outputs of adult neurogenesis in zebrafish and mouse. (A) Scheme of a typical neurogenesis lineage in adult mouse. Upon quiescence exit, NSCs generate neurons via TAPs. TAPs have variable amplification capacity, high in the SEZ, lower in the DG. Green and purple shades are meant to represent shared cells and attributes between the SEZ and DG (color code in Figure 2C, with proliferating cells indicated with a pink nucleus). (B) Scheme of a typical neurogenic lineage in the adult zebrafish pallium (left) and neuronal output (right). Neurons are generated via an intermediate progenitor (NP: neural progenitor) of limited amplification potential. Because adult-generated neurons persist, however, the number of neurons generated per NSC increases over time in genetically traced lineages from individual NSCs. (C) Spatio-temporal distribution of the neurogenesis output in the zebrafish pallium, from embryonic stages until adult life. Radial glia (triangles) generate neurons that stack in age-related order within the telencephalic parenchyma. Old neurons, at the pallial-subpallial boundary, were generated in the embryo and early larva. In the lateral pallium (orange), the same process operates but radial glia are generated during juvenile and adult stages from NE progenitors (circles). Arrows indicate the spatial organization of neurogenesis over time. (D) Compared output of neurogenesis in the pallium of zebrafish and mouse from embryo to adult, represented on schematic cross-sections where the dotted line separates neurons generated at embryonic versus post-embryonic stages. Neurogenesis is continuous and additive (straight arrows) in zebrafish in all pallial subdivisions (left panel). Neurogenesis stops at birth in the mouse neocortex, spatially isolating the two persisting neurogenic niches SEZ and SGZ. Neurogenesis in these niches is mostly used for neuron replacement (circular arrows) (right panel). Color code as in Figure 1 (Seri et al., 2004; Encinas et al., 2011; Rothenaigner et al., 2011; Lugert et al., 2012; Ponti et al., 2013; Furlan et al., 2017; Than-Trong et al., 2020). D, dorsal part of the telencephalon (pallium); Da, anterior part of D; Dm, medial part of D; Dl, lateral part of D; aNSC, activated neural stem cell; qNSC, quiescent neural stem cell; NP, neural progenitor; TAP, transit amplifying progenitor; V, ventral telencephalon (sub-pallium).




Adult Neurogenesis in Zebrafish Is Additive

Adult neurogenesis in mouse is globally understood to drive neuronal replacement, following the selective maintenance of a subset of adult-born neurons in the functional circuitry -while most adult-generated neurons would be eliminated (Figure 3B). Some publications, however, report neuronal addition, both in the DG (Bayer, 1985; Dranovsky et al., 2011) and OB (Platel et al., 2019). The output of pallial neurogenesis in zebrafish primarily drives neuronal addition. No cell death was observed, and the pallial parenchyma (as well as the OB) increases its neuronal population during adult life and grows (Than-Trong et al., 2020). Genetic birth dating and lineage tracing experiments showed that newborn neurons delaminate from the ventricular zone and stack into the parenchyma in age-related layers until adulthood (Furlan et al., 2017; Figure 3C). Because there is no extensive neuronal migration, and little or no death, this process results in an adult pallium where superficial structures are composed of young (late-born) neurons and central structures of old (early-born) neurons, still including neurons born at embryonic and early juvenile stages. This also applies to the lateral pallium, with in addition a lateral to medial gradient in RG age (Figures 3A,B; Furlan et al., 2017).

To date, the identity of adult-born pallial neurons, as well as their projection pattern and function, remain largely unknown in zebrafish. Like in the mouse, some adult-born neurons in the zebrafish OB are TH-positive (Adolf et al., 2006). In the pallial parenchyma proper, only candidate markers have been tested to date to characterize RG-derived neurons, including some transcription factors and neurotransmitters (identifying for example GABA-ergic and glutamatergic neurons) (von Trotha et al., 2014; Furlan et al., 2017). A neuron atlas was recently generated from the zebrafish telencephalon at 21 dpf using scRNAseq (Raj et al., 2018), and such a description is long awaited in adult, to permit both functional studies -still conducted currently through laborious screening to associate molecularly defined subpopulation with a given function (Lal et al., 2018)- and information on how NSCs generate different neuronal types. In the developing mammalian cerebral cortex and the Drosophila optic lobe, columnar organization is generated through sequential expression of specific transcription factors (Mattar et al., 2015; Doe, 2017). The zebrafish pallium is also built through a sequential stacking process, but in contrast to the mouse, the “migration-free death-free” neurogenesis process of the adult zebrafish pallium makes it possible to readily identify neurons born at adulthood by their (superficial) position (Furlan et al., 2017). This will then make it straightforward to attribute them with molecular signatures. Determining whether neurons at different depths have different identities and when they are generated would therefore represent an important step to know whether there is a temporal heterogeneity in NSCs and how it might be encoded. Moreover, since the same NSCs remain active in an adult brain which keeps on growing, one important question would then be whether NSCs maintain a similar level of plasticity throughout life, either physiologically or in a regenerative context. Finally, identifying neural subpopulations in the pallium could also reveal depth-independent areal heterogeneities, perhaps to be correlated with areal differences in NSC potential.



Pallial Neurogenesis in Zebrafish Is the Output of a Proliferative Hierarchy Involving Functionally Specialized NSC Sub-Pools

The zebrafish adult pallium is particularly amenable to NSC fate studies for several reasons: (i) its superficial location permits intravital imaging hence the direct tracing, during several weeks, of NSC fate in the absence of biased genetic tools and under non-invasive conditions (Barbosa et al., 2015b; Dray et al., 2015), (ii) its small size permits analyzing clones in whole-mount preparations, avoiding the risk of losing cells that occurs when studying brain sections, and (iii) the absence of cell death and migrations makes it easier to quantify clones in their entirety (Than-Trong et al., 2020). We made use of these attributes, and of broad promoters such as her4 and gfap that encompass the largest progenitor population, to determine the dynamics of NSC fates in the adult pallium between 3 and 18 mpf (Than-Trong et al., 2020). The combination of intravital imaging, long-term clonal genetic tracing (Figures 4A–C) and biophysical modeling revealed that NSC population dynamics is compatible with an organization in 3 hierarchically-organized sub-populations, each endowed with a specific function: NSC population growth (“source pool”), self-renewal (“reservoir pool”), and neurogenic activity (“operational pool”) (Figure 4D). The “source” population accounting for growth remains poorly defined. In contrast, division modes and transition rates could be inferred for the reservoir and operation sub-populations, highlighting the heterogeneities of NSC properties and, within the operational pool, their stochastic fate choices.
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FIGURE 4. Long-term NSC and neurogenesis dynamic in the adult zebrafish pallium. (A,B) Genetic clonal analysis driven by the her4:ERT2CreERT2 transgene with chase time over 500 days. The number of NSCs per clone containing at least one Sox2+ cell (A) and the proportion of clones containing at least one Sox2+ cell (B) display a bi-phasic dynamics at long term. At early time points after induction, neutral drift is observed -red-. At later time points, a behavior characteristic of single cell-based self-renewal appears -blue-. These two dynamics reflect the behavior of two embedded populations (operational and reservoir, respectively). (C) Total number of Sox2+ cells in the adult Dm between 3 and 25 months post-fertilization (mpf). The Sox2+ population increases in size in the young adult (3–8 mpf), reflecting the NSC-generating activity of a “source” population (orange). (D) Schematic of the proliferative hierarchy of NSC sub-populations sustaining overall NSC maintenance in Dm. Color code as in (A–C) (Than-Trong et al., 2020).


In contrast to this unifying conclusion, the results of a large number of careful clonal studies in mouse diverge, documenting NSC loss, maintenance or even gain, in the SEZ and/or DG (Lugert et al., 2010; Bonaguidi et al., 2011; Dranovsky et al., 2011; Encinas et al., 2011; Fuentealba et al., 2012; Calzolari et al., 2015; Urbán et al., 2016; Basak et al., 2018; Bast et al., 2018; Obernier et al., 2018; Pilz et al., 2018; Berg et al., 2019). The zebrafish data suggest that these discrepant results could be interpreted by the targeting of distinct NSC sub-populations, although a unifying model in mouse remains to be established.





NEURAL STEM CELL QUIESCENCE AND ITS IMPACT ON NEUROGENESIS


Quiescence Is an Actively Maintained State Shared Between Zebrafish and Mouse Adult Neural Stem Cells

Quiescence is a prominent cell state in adult NSCs, as illustrated in both zebrafish and mice. It is therefore important to consider how it may affect NSC biology and neurogenesis output, likely in a similar way in these species. The quiescence phase of adult NSCs generally corresponds to the G0 state of the cell cycle. In Drosophila, NSCs can also undergo a G2 quiescence phase at late embryonic stages (Otsuki and Brand, 2018), and the existence of a long G2 phase has been suggested in NE progenitors of the medaka optic tectum at post-embryonic stages, based on the expression of G2-M arrest genes (Dambroise et al., 2017). G2 quiescence, however, remains to be demonstrated in vertebrate adult brains.

Practically, quiescent NSCs are negatively defined by the absence of proliferation markers. Until now, a positive core signature for quiescent NSCs has not been defined, although RNASeq data in both mouse and zebrafish brought deeper understanding of the molecular players of NSC quiescence: generally, pathways involved in transcription, translation, DNA replication and DNA repair, and cell cycle progression, are downregulated (Codega et al., 2014; Dulken et al., 2017), while cell-cell communication (Shin et al., 2015; Basak et al., 2018), cell adhesion (Codega et al., 2014; Shin et al., 2015), cell signaling and lipid metabolism (Llorens-Bobadilla et al., 2015; Than-Trong et al., 2018) are upregulated (Figure 5).
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FIGURE 5. Schematic of the cell cycle including the most important information about the decision to enter quiescence, remain in cycle or differentiate. (A) General cell cycle knowledge, illustrating phases G1, S, G2, and M and the most important checkpoints (purple). During the cell cycle, proteins involved in transcription, translation, DNA replication and DNA repair are upregulated. The schematic includes proliferation markers MCM, PCNA, and Ki67 (gray) that are expressed in different phases of the cell cycle and commonly used to define proliferating NSCs. During the cell cycle, cells can enter into the quiescence state in G1, the decisions for entry happening at a R-point in G1. After passing the R-point, cells are committed to fulfill another cell cycle. Another important check-point is the bifurcation point right after mitosis, a window in which cells are sensitive to mitogen signals that influence CDK2 (R1 and R2 window on the schematic). Cells with a normal level of CDK2 will keep cycling, whereas cells with low levels of CDK2 will enter a transient quiescence and will face a second restriction window at the end of G1, controlled by the CDK inhibitor p21. Only cells that built up enough CDK will be able to bypass quiescence and eventually re-enter quiescence. (B) NSC-specific quiescence cycle. Quiescence can be entered in G1, or G2 (this remains to be shown for vertebrates). During quiescence, genes involved in cell-cell communication, cell adhesion and cell signaling are upregulated, stressing that quiescence is an actively maintained state. Some data (e.g., the dynamics of miR-9 expression) suggest that quiescence can be seen as a cycle, but alternative models exist. Quiescent cells express p21, p27, p57, and p130. Quiescence is heterogeneous, and deeper and shallower sub-states exist. miR-9 is nuclear in deeply quiescent cells. Some NSCs that are insensitive to Notch blockade can also be interpreted as deeply quiescent. A “pro-activated” state precedes activation proper. In this state, NSCs express ascl1, which will also be maintained during activation and differentiation (Pardee, 1974; Alunni et al., 2013; Spencer et al., 2013; Andersen et al., 2014; Katz et al., 2016).


Quiescence is classically linked with the maintenance of stem cell properties (stemness, i.e., self-renewal and differentiation potential, see Box 1). This link is, however, not obligatory, as illustrated in the gut and skin, where adult stem cells proliferate continuously while staying in homeostasis. In the brain, however, quiescence is believed necessary for stemness -hence neurogenesis potential-, avoiding DNA, protein or mitochondria damage that could lead to senescence or malignant transformations. But this has been difficult to demonstrate, both in mouse and zebrafish, in particular because testing for stemness requires functional assays where NSCs will divide, and because many quiescence control factors have pleiotropic effects and in particular are actors of the neurogenesis cascade itself (see below). Nevertheless, several studies to some extent disentangled the two properties. For example, in adult mouse, physical exercise leads to increased SGZ NSC proliferation, but is not followed by exhaustion of the NSC pool (Van Praag et al., 1999; Wu et al., 2008). In the adult zebrafish pallium, bulk RNAseq profiling of quiescent versus activated NSCs or in the presence or absence of Notch3 activity showed that Notch3 promotes quiescence and stemness in part via distinct molecular cascades (Than-Trong et al., 2018). While the transcription factor Hey1 mediates Notch3 activity on stemness, the candidate Notch3 effectors controlling quiescence remain to be experimentally validated. In mouse, the direct effect of Notch on stemness remains to be unraveled, as well as whether Hey1 is a target of Notch and could potentially control stemness. In the mouse SGZ, Notch2 drives expression of the transcription factor-encoding gene Id4. However, unlike the depletion of Notch2, the depletion of Id4 induces NSC activation but does not promote neuronal differentiation (Zhang et al., 2019). Thus, in mouse, NSC quiescence and stemness could also be molecularly uncoupled downstream of Notch2, Id4 controlling only its quiescence-promoting effect.



Quiescence Instatement, Length, and Depth in Adult Neural Stem Cells: Variable Geometry Parameters?


Quiescence Length Remains to Be Measured With Precision

Through genetic lineage tracings and live imaging in zebrafish and mouse, we know now that NSCs can re-enter quiescence after activation (Berg et al., 2010; März et al., 2010a; Bonaguidi et al., 2011; Dray et al., 2015; Pilz et al., 2018; Than-Trong et al., 2020). It remains, however, unclear, and debated, whether NSCs keep the same properties (fate, quiescence length…) upon division (Bonaguidi et al., 2011; Urbán et al., 2016; Than-Trong et al., 2020). Quiescence length, as well the duration of cell cycle phases, also remain to be precisely defined in NSCs, and key studies on these issues are summarized in Table 2. Overall, S-phase can last between 4 and 8 h (Encinas et al., 2011; Ponti et al., 2013), and the complete adult NSC cell cycle will take 10–35 h (Encinas et al., 2011; Ponti et al., 2013; Roccio et al., 2013). The time between 2 divisions can lie between 14 and 36 days, as observed by live imaging in the SGZ, but the upper limits of quiescence were not explored (Pilz et al., 2018). In the zebrafish adult pallium, mathematical models predict average quiescence times reaching 143 days, which is yet to be confirmed experimentally (Than-Trong et al., 2020). It is likely that the zebrafish pallium will be highly instrumental to fill these gaps, as the superficial location of the pallial progenitor zone (contrasting with the deep location of mammalian NSCs) permits long-term intravital imaging.


TABLE 2. Estimated lengths of cell cycle phases and quiescence in adult NSCs of the zebrafish and mouse telencephalon.
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Quiescence Instatement Is Progressive With a Schedule That May Differ Between Niches and Species

Progenitors in the SGZ produce granule neurons during embryonic and postnatal stages and enter quiescence postnatally. Then, they acquire their radial morphology and organize in the SGZ (Li et al., 2013; Berg et al., 2019). In contrast, in the SEZ, stem cells with quiescence characteristics were identified at embryonic stages by H2B-mediated lineage tracing (Furutachi et al., 2015). These cells would slow down their cell cycle at E13.5, then remain quiescent to re-activate at adult stages (Fuentealba et al., 2012). As mentioned earlier, these differences between the SEZ and SGZ may be apparent and due to tracing some cells only, or due to using indirect measurements. For example, H2B-tracing is based on differential dilution, and a positive read-out necessitates a minimal quiescence length. In zebrafish, pallial neural progenitors start entering quiescence at 5 dpf (Alunni et al., 2013), and the average duration of quiescence -as inferred from the decreasing proportion of PCNA-positive cells within the population- gradually increases until adulthood (Dirian et al., 2014; Katz et al., 2016). It remains unclear whether the data above can directly be compared, as they use different methods with their inherent limitations. Likewise, measures based on the lack of PCNA protein will not distinguish cells in early G1 phase (PCNA transcription and protein stability being low prior to the G1-S transition) (Chang et al., 1990) from cells in G0. Progressive quiescence instatement, concluded from the increasing duration of a PCNA-negative state, may therefore be concluded for cells that in fact progressively lengthen early G1. Overall, it remains urgent for the field to positively label G0.



NSC Quiescence Is a Heterogeneous State

Several analyses support the idea that G0 quiescence is heterogeneous. Some studies suggest different types of quiescence (mainly short versus long-term) depending on the cell and its history (Urbán et al., 2016). Additionally, quiescence can consist of sub-states, defined as transient phases, arguably harboring specific molecular or cellular signatures and properties, that cells transit through during their quiescence phase. Zebrafish adult pallial NSCs were instrumental to experimentally exemplify potential quiescence sub-states. For example, pharmacological blockade of Notch signaling in zebrafish, which globally leads to NSC quiescence exit (see below), revealed different lag phases to re-enter cycling, and approximately 5% of quiescent NSCs did not respond to the blockade (Alunni et al., 2013). Convincingly, a subset of quiescent NSCs express microRNA-9 (miR-9), and BrdU chase experiments suggest that the miR-9-positive state is a transient phase in a quiescence cycle and may reflect deep quiescence (Katz et al., 2016). Indeed BrdU incorporated during the S phase of dividing NSCs becomes associated with miR-9 staining only after long chase, showing that miR-9 is expressed in now deeply quiescent NSCs but that were previously dividing.

scRNAseq and expression analyses conducted in mouse also suggest the existence of a distinct quiescent sub-state close to activation, as was proposed for muscle satellite cells. The first study reporting such heterogeneity in the mouse SEZ identified three non-dividing NSC clusters (Llorens-Bobadilla et al., 2015): a dormant cluster in the deepest state of quiescence, a second cluster containing cells expressing markers related to activation but that do not divide, and a third cluster that falls in between on the spectrum between quiescence and activation. The same group reported the same subpopulation structure in a new study and using a different technology, suggesting that these cells can be reliably and reproducibly grouped into distinct clusters (Kalamakis et al., 2019). Recently a separate group reported the most extensive scRNAseq conducted on NSCs so far (Mizrak et al., 2019), in which they captured close to 40k SEZ astrocytic cells. They identified several independent clusters that also matched distinct regions along the SEZ which differ in proliferation rate. This can be explained if NSCs along the lateral ventricles rest in different depths of quiescence. An important limitation to these experiments in the SEZ, however, is the difficulty to distinguish between astrocytes and bona fide NSCs (Dulken et al., 2017). In the dentate gyrus, astrocytes and RGL-cells formed distinct clusters (Hochgerner et al., 2018). However so far only low numbers of stem cells were captured in scRNAseq experiments conducted on the hippocampus, which prevents proper analysis of their intrinsic heterogeneity. Two reports were recently published in zebrafish, based on NSCs isolated from her4.1-driven transgenes (Cosacak et al., 2019; Lange et al., 2020). However these studies only captured small numbers of NSCs (609 and 76, respectively). One of them conclusively shows the existence of distinct NSC clusters in the pallium (Cosacak et al., 2019), but more extensive studies will be necessary to get a better idea of the level of heterogeneity as well as whether and how these subpopulations differ in quiescence depth.




Control Mechanisms of Quiescence Are Highly Conserved Between Zebrafish and Rodents

Control mechanisms of NSC quiescence in zebrafish and rodents appear similar, yet many mechanisms that were identified in rodents remain to be studied in zebrafish and vice versa. Conditional functional studies in the adult zebrafish remain technically challenging, especially when genetics-based, and this is still slowing down the field. We will focus here only on the control mechanisms that have been studied in the zebrafish pallium and compare them to data in mouse (Figure 6) (but see Table 3). It is to note that, while these studies convincingly implicate various factors in quiescence control, they do not resolve their function in controlling quiescence entry, maintenance, exit, or transition through the different sub-states discussed above.


TABLE 3. Quiescence promoting factors.
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FIGURE 6. Schematic of a quiescent NSC including the pathways controlling quiescence, which are summarized in this review. The scheme highlights knowledge generated in mouse, and confirmed pathways in zebrafish are illustrated in green. Knowledge generated in zebrafish and later extended to mouse is shown in green as well. Knowledge generated in zebrafish and still to be confirmed in mouse is depicted in yellow. Differences (Notch2 is not expressed in qNSCs in zebrafish), or data that need consolidation in zebrafish (Ascl1 expression and its regulation by ID and Hes1, BMP receptor), are shown in black. See text and Table 3 for references.



Notch Signaling Is a Key Quiescence-Promoting Pathway

One of the most prominent NSC quiescence-promoting pathway is Notch signaling, as first demonstrated in the adult zebrafish pallium (Chapouton et al., 2010), and later confirmed to be conserved by numerous studies in mice. In zebrafish and mice, Notch is highly expressed in NSCs. Whereas notch3 is strongly upregulated in quiescent cells, notch1 (notch1b in zebrafish) is strongly expressed in activated NSCs (Aguirre et al., 2010; Chapouton et al., 2010; Basak et al., 2012; Alunni et al., 2013; de Oliveira-Carlos et al., 2013; Kawai et al., 2017; Zhang et al., 2019). notch2 expression was not detected in the zebrafish brain, but is expressed in quiescent NSCs in mice (Basak et al., 2012; Kawai et al., 2017; Zhang et al., 2019). Blocking Notch signaling with a gamma-secretase inhibitor dissolved in fish water leads to activation of NSCs and expansion of the NSC pool by symmetric divisions (Chapouton et al., 2010; Alunni et al., 2013), and this was recapitulated by the selective blockade of Notch3 using morpholinos (Alunni et al., 2013). In mice, Notch inhibition, either at the level of the ligands or the effector RBPjK leads to exit of quiescence and exhaustion of the NSC pool, a phenotype also often understood to mean that NSC quiescence is crucial for stemness maintenance (Ehm et al., 2010; Imayoshi et al., 2010; Kawaguchi et al., 2013; Lavado and Oliver, 2014). In zebrafish, NSC exhaustion was not observed, but long-term Notch blockade at adult stage was not conducted beyond 7 days (Alunni et al., 2013). One transcription factor functionally interacting with Notch signaling is Fezf2 (Fez family Zinc Finger 2), which is expressed at high levels in quiescent NSCs in the zebrafish adult pallium and mouse SGZ (Berberoglu et al., 2014). In zebrafish, fezf2 expression correlates with the nuclear localization of NICD and with high expression level of the Notch target her4, and is necessary for quiescence (Berberoglu et al., 2014).



Other Quiescence Promoting Pathways Are Highly Conserved Between Rodents and Zebrafish

Another important pathway for NSC quiescence is BMP (bone morphogenic protein) signaling. NSCs express components of the BMP pathway like Smads, BMPR I and II (Lim et al., 2000; Bonaguidi et al., 2008; Mira et al., 2010). Overexpressing BMP ligands leads to a decrease in NSC proliferation and differentiation, while overexpression of the BMP inhibitor Noggin leads to increased proliferation and neurogenesis in the SGZ, the SEZ and in vitro (Lim et al., 2000; Bonaguidi et al., 2008; Martynoga et al., 2013). Targets of the BMP pathway include ID transcription factors (“Inhibitor of DNA binding/differentiation”), which are also targeted by the Notch pathway. IDs are strongly expressed in zebrafish adult pallial NSCs, and recent work shows that BMP positively controls id1 expression through conserved enhancers in the adult zebrafish brain (Zhang et al., 2020). In zebrafish, id1 expression is specific of quiescent NSCs, and is necessary and sufficient for quiescence (Diotel et al., 2015; Rodriguez-Viales et al., 2015). In response to injury, id1 is upregulated. It may play a role in maintaining the NSC pool through stabilizing its interactor proteins such as the Her factors Her4 or Her6, also expressed in adult pallial NSCs (Rodriguez-Viales et al., 2015). In mouse NSCs, Id interacts with and stabilizes Hes1, the mammalian ortholog of zebrafish Her6. Hes1 represses the transcription factor Ascl1 (Bai et al., 2007), which itself normally promotes NSC activation (Andersen et al., 2014; Sueda et al., 2019). Id4 does not affect Ascl1 transcription, but binds the normal Ascl1 stabilizing partner E47, leading to Ascl1 clearing (Blomfield et al., 2019).

Finally, the miR-9 quiescence-promoting factor initially identified in adult zebrafish pallial NSCs (see above) (Katz et al., 2016) is also conserved in mouse, as well as its striking sub-cellular localization: in both species, miR-9 is nuclear in NSCs transiting through a deep quiescence sub-state. Further, primary NSCs in culture derived from the SGZ and pushed toward quiescence through BMP relocalize miR-9 to the cell nucleus (Katz et al., 2016). The targets of miR-9 in quiescence control remain unknown.

Overall, a tentative quiescence cycle is presented in Figure 5B, indicating the transient-sub-states (miR-9-positive, Ascl1-positive, Notch-insensitive) that NSCs transit through.



Activating Factors Are Also Shared Between Rodents and Zebrafish

A key promoter of NSC activation, mentioned above, is Ascl1 (achete and scute homolog 1), which directly upregulates the expression of cell cycle genes (Castro et al., 2011; Andersen et al., 2014). Ascl1 is expressed in all activated NSCs and some neural progenitors in the mouse SEZ and SGZ. Conditional loss of function experiments showed that Ascl1-negative NSCs neither proliferate nor differentiate (Andersen et al., 2014). Ascl1 is transcribed in some quiescent NSCs (Blomfield et al., 2019; Zhang et al., 2019), but its expression and activity are repressed during quiescence by Id4 and the Notch target Hes1, which is expressed at high level with moderate oscillation amplitude (Sueda et al., 2019). How high Ascl1 expression levels become induced to drive NSC activation remains to be uncovered. Lower and oscillating levels of Hes1 expression preceding NSC activation can lead to Ascl1 oscillations, themselves driving NSC activation (Sueda et al., 2019). Then, following NSC division, the ubiquitin ligase HUWE1 degrades Ascl1 thus enabling the cell to re-enter quiescence (Urbán et al., 2016). In zebrafish, ascl1a is expressed in activated NSCs (Than-Trong et al., 2018), but its function remains to be studied. Further to this transcription factor, growth factors are also activating factors in NSCs. In the mouse brain, intracerebroventricular infusions of the fibroblast growth factor FGF2 lead to increased proliferation and neurogenesis (Rai et al., 2007). Accordingly, conditional knock-out of FgfR1 in Nestin-expressing NSCs in the SGZ impairs proliferation and neurogenesis (Zhao et al., 2007). In the zebrafish brain, fgfr1-4 are expressed in the dorsal telencephalon. Whereas heat shock-induced expression of dominant negative forms of FGFR1 does not alter NSC activation, the overexpression of FGF8a results in strong proliferation (Topp et al., 2008; Ganz et al., 2010). fgf8a expression is restricted to the ventral telencephalon, but fgf8b, strongly expressed in the pallium (Topp et al., 2008), may play the same role.





STEMNESS-RELATED NEURAL STEM CELL FATE CHOICES

Decisions taken by NSCs along their life include whether to activate (or remain quiescent) but also whether to maintain (or lose) their stemness (Box 1). We will refer to “stemness-related NSC fate choices” the checkpoints when a NSC decides to remain stem or to commit toward expression of the genetic program reflective of another cell type.


NSC Potency: Do NSC Fates Differ Between Zebrafish and Mouse?

In the SEZ, the differentiation potential of individual NSCs is limited to specific neuronal subtypes based on their regional localization (Merkle et al., 2007; Merkle et al., 2014; Chaker et al., 2016; Mizrak et al., 2019). However, fate mapping experiments confirmed that even if most NSCs produce neurons, few NSCs produce oligodendrocytes (Menn et al., 2006) or astrocytes (Sohn et al., 2015). Still, the capacity for a single NSC to produce the 3 lineages in vivo at adult stage remains unclear (but see Levison and Goldman, 1993 for the neonate). In vitro, clonal cultures of primary NSCs are able to generate neurons and oligodendrocytes (Menn et al., 2006) but continuous live-imaging of dividing NSCs revealed their commitment toward oligodendrogenic or neurogenic lineages only (Ortega et al., 2013). Also, ependymal cells were not described to originate from NSCs under physiological conditions (Spassky et al., 2005; Shah et al., 2018). NSCs of the SGZ most probably possess a heterogenous range of self-renewal and fate potential (Bonaguidi et al., 2012). Compared to the SEZ, clearer examples of multipotent NSCs were unraveled by careful analysis of lineage tracing outputs and notably of clones of 3–4 cells, showing that an individual NSC can self-renew and give rise to neurons and astrocytes (Bonaguidi et al., 2011; Encinas et al., 2011). While they do not give rise to oligodendrocytes physiologically, they can do so under conditions of demyelination or following the functional abrogation of inhibitory transcription factors (Nait-Oumesmar et al., 1999; Xing et al., 2014; Harris et al., 2018).

The situation in the adult zebrafish pallium is inherently different, as there are no “specialized” NSCs given that, as mentioned, RG cells also serve the function of parenchymal astrocytes. Thus, stemness maintenance includes the maintenance of astrocytic function (the reverse not being true, as stemness can be lost while astroglial characteristics are maintained; Than-Trong et al., 2018). At present, adult pallial NSCs are viewed as bipotent, able to self-renew and to generate neurons (Adolf et al., 2006; Grandel et al., 2006; Kroehne et al., 2011; Than-Trong et al., 2020). Little is known about neuronal subtypes in the dorsal pallium and it remains unexplored if specific NSC pools give rise to neuronal subtypes (like in the SEZ). The dorsal pallium is deprived of ependymal cells, but hosts an Olig2-positive population of oligodendrocytes. No clear lineage relationship has been made between oligodendrocytes and NSCs. The Olig2-positive population of cells is heterogeneous and located mostly in the parenchyma -although some cells can be found close to the ventricular surface-, comprising mature oligodendrocytes, slow proliferating oligodendrocyte progenitors (OPCs), proliferating OPCs, quiescent OPCs and radial glia-like cells (März et al., 2010b). These observations suggest that oligodendrocytes are produced within the parenchyma from OPCs. A recent publication based on scRNAseq argues that her4.1-positive NSCs express olig2 at very low level, suggesting nascent NSC progeny differentiating toward OPCs (Lange et al., 2020). Likewise, pseudo-lineages inferred from scRNAseq in the mouse SEZ reveal a molecular connection between NSCs and oligodendrocytes (Mizrak et al., 2019). This hypothesis needs to be carefully tested with a lineage tracing approach.

These observations together suggest potential differences between the panel of fates endogenously taken by SEZ, SGZ, and pallial NSCs between mouse and zebrafish. Hence, stemness-related fate choices are complex and not limited to remaining or not stem, but may include the choice of a particular fate. These differences may reflect a different potential, or the presence of different contextual cues.



Stemness-Related Fate Choices in Zebrafish Pallial NSCs Can Be Taken in the Quiescent or Activated States


Direct Neuronal Differentiation Is a Frequent Adult NSC Fate in Zebrafish

Both the quiescent and activated NSC states harbor potential windows where stemness can be maintained or altered. In the zebrafish adult pallium, the generation of neurons directly from quiescent NSCs has been suggested based on intravital imaging methods where NSCs were observed to differentiate after over 6–20 days without division (Barbosa et al., 2015b; Than-Trong et al., 2020). Thus, stemness needs to be actively promoted even during quiescence. Some effectors of NSC stemness maintenance have been identified in mice (Ars2 and Sox2) (Andreu-Agulló et al., 2009; Baser et al., 2019) and in zebrafish (Hey1) (Than-Trong et al., 2018). Interestingly, the depletion of their function in quiescent NSCs leads to a non-stem RG (GS+; Sox2–) fate suggesting that direct neuronal differentiation further requires active neuronal commitment cues.



The Mechanisms Driving NSC Fate Choices at Division Remain Poorly Understood

Adult zebrafish pallial NSCs can take several fates at division and generate two NSCs, one NSC and one aNP, or two aNPs. Models of clonal dynamics are compatible with stochastic decisions under physiological conditions (Than-Trong et al., 2020). Following a mechanical lesion, which leads to enhanced NSC recruitment for neuronal regeneration, a bias toward neurogenic consuming divisions (generating two aNPs) was observed (Barbosa et al., 2015b). In contrast, upon pharmacological Notch blockade, enhanced NSC recruitment is accompanied by a bias toward amplifying divisions (generating two aNSCs). It remains largely unknown how these decisions are taken.

Examples of all three division modes were also directly observed in mouse in vivo by clonal analysis of small clones (Bonaguidi et al., 2011; Encinas et al., 2011; Song et al., 2012; Calzolari et al., 2015; Basak et al., 2018; Obernier et al., 2018) or by live-imaging (Pilz et al., 2018). In both NSC niches, the choice for a given division mode seems to vary in part depending on the driver line used to follow NSCs, and the discrepancies may reflect experimental designs. Still, this observation would argue for the existence of NSC signatures highlighting specific modes of division (Figure 7).
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FIGURE 7. Schematic summary of division modes directly observed in adult mouse telencephalic neurogenic niches and in the zebrafish adult pallium in vivo. To evidence with certainty the existence of each division mode, we listed on the left part of the figure the clonal lineage tracing and live-imaging analyses only. For all the clonal analysis, we also only focused on 2–3-cell clones data at various time of induction/chase. Arrow depict the path leading individual NSC toward a cell fate decision (symmetrical self-renewing division, asymmetrical self-renewing division, symmetrical differentiating division or direct differentiation, illustrated on the right part of the figure). In the zebrafish pallium (gray NSCs), the mouse SEZ (purple NSCs), and the mouse SGZ (green NSCs), the three modes of division were evidenced. Direct neuronal differentiation was observed in the zebrafish adult pallium and mouse SEZ. In the SEZ, Gfap+ and Troy+ NSCs are able to symmetrically self-renew, symmetrically differentiate and asymmetrically divide whereas Glast+ NSCs were only described to asymmetrically divide. In the SGZ, Nestin+ and Ascl1+ NSCs can symmetrically self-renew, symmetrically differentiate and asymmetrically divide although Gli+ NSCs were only observed to asymmetrically divide and Hopx+ NScs to symmetrically self-renew and asymmetrically divide. Numbers refer to publications (see reference list).


Key studies in embryonic neural progenitors, including in zebrafish, pointed to several mechanisms controlling or biasing daughter cell fate at division. These notably include cell cycle dynamics such as the length of G1 or S phases (Calegari and Huttner, 2003; Huttner and Kosodo, 2005; Chen et al., 2015; Turrero García et al., 2016), asymmetrical inheritance of cellular components at division (Knoblich, 2008; Kressmann et al., 2015; Tozer et al., 2017; Lukaszewicz et al., 2019; Taverna and Huttner, 2019), and intra-lineage or niche-mediated bias in Notch signaling (Dong et al., 2012). Corresponding data in adult NSCs are sparse and were generally obtained in vitro, in mouse. For example, in cultured adult SGZ NSCs, G1 lengthening (through CDK4 inhibition) pushes NSCs toward differentiation (Roccio et al., 2013). Speculatively, basal process inheritance could be a fate determinant, as suggested by ex vivo SEZ cultures analyzed with live imaging (Obernier et al., 2018). Cultures of individual NSCs from the SEZ also showed asymmetric molecular segregations or activations. Specifically, the asymmetric segregation of the Dual-specificity tyrosine-phosphorylated and regulated kinase Dyrk1A at NSC division stabilizes EGFR and Notch signaling, biasing daughter cell fate (Ferron et al., 2010). Overexpressed Delta1-eGFP fusion protein also distributes asymmetrically upon NSC division, and marks the daughter cell fated to neuronal commitment (Kawaguchi et al., 2013). Finally, PEDF signaling from the niche can locally activate Notch in one NSC daughter (Ramírez-Castillejo et al., 2006; Andreu-Agulló et al., 2009). Parallels to these pioneer mechanistic works are currently lacking in vivo, and in zebrafish.

Stemness-related fate choices are key determinants of NSC population homeostasis, i.e., to the maintenance of a constant number of NSCs over time. Two mechanisms can in theory account for such homeostasis: invariant asymmetric cell fate, and “population asymmetry” (a combination of individual stochastic fate choices, balanced at the population level) (Simons and Clevers, 2011; Blanpain and Simons, 2013). In the mouse brain, NSC dynamics remains controversial (Table 4). As mentioned above, the privileged morphology of the zebrafish pallial germinal zone made it possible to combine complementary approaches and extract a unified model of adult NSC dynamics (Figure 4C). This resolved discrepancies between works describing an expansion (Rothenaigner et al., 2011) or a consumption (Barbosa et al., 2015b) of the NSC population. The current model (Than-Trong et al., 2020) includes both expansion and consumption but attributes these behaviors to distinct subpopulations of NSCs, and to stochastic fate choices. Further, it shows for the first time that both invariant asymmetric stem cell fate and population asymmetry can co-exist in an assembly of subpopulations hierarchically organized to account for NSC maintenance and physiological neuronal output.


TABLE 4. NSC population dynamics assessed by long-term lineage tracing and clonal analysis in mouse.

[image: Table 4]
This study raises key questions pertaining to stemness-related fate choices. First, given the relatively uniform generation of neurons across the germinal zone surface and uniform expansion of the NSC population itself, it suggests that NSCs of the different sub-populations are interspersed, neighboring each other across the germinal sheet. This would argue against these different behaviors being controlled exclusively by different extrinsic local cues (such as different local niches), and rather stress the existence of intrinsic control mechanisms encoding one or the other asymmetry behavior. Second, it now pushes to search for molecular signatures of these heterogeneities. In the zebrafish pallium and in the mouse SEZ, it has long been emphasized that NSCs form a very heterogeneous population (Kriegstein and Götz, 2003; März et al., 2010a; Chaker et al., 2016). In the mouse brain and with the recent explosion of scRNA sequencing data, detailed NSC heterogeneities and clusters start to be described (Llorens-Bobadilla et al., 2015; Dulken et al., 2017; Mizrak et al., 2019). The significance and the role of NSC heterogeneities for NSC cell fate choice is not understood, and it will be important to try and overlap this information to transcriptionally identify the distinct NSC pools and directly track their relative contribution to NSC population homeostasis.





PHYSIOLOGICAL AND PATHOLOGICAL MODULATIONS OF ZEBRAFISH ADULT NEUROGENESIS


Adult Neurogenesis in Zebrafish Responds to and Relays Environmental and Systemic Stimuli


Sensory Stimuli, Nutrition, and Stress Exert Parallel Effects on Adult Neurogenesis in Zebrafish and Rodents

Environmental and systemic factors play an extensive role in modulating neurogenesis. For example, odorant stimuli can be integrated to tune neurogenic output from the SEZ niche in mice. Indeed, there are more newborn neurons in the OB, but not in the hippocampus, of mice reared in an odor-enriched environment (Rochefort et al., 2002), without an increase in proliferation in the SEZ. This suggests that simple sensory stimulation of adult neurogenesis is niche-specific and, in the case of this example, relies on an increase in newborn neuron survival. In teleosts, several neurogenic niches are in regions involved in sensory processing. Among them, the vagal lobe involved in gustation and the olfactory bulb get new neurons from RG NSCs, whereas the caudal periventricular gray zone of the optic tectum and the torus longitudinalis, both involved in visual processing, receive theirs from NE stem cells (Alunni et al., 2010; Sato et al., 2017). Presenting fish with stimuli processed in one of these niches leads to an increase in newborn neurons only in the respective niche and this increase is mediated differently in RG and NE niches: in NE niches, increased neurogenesis relies on an increase in proliferation, while in RG niches it involves an increase in newborn neurons survival (Lindsey et al., 2014), similarly, to OB neurogenesis in mice (Figure 8A).


[image: image]

FIGURE 8. Modulation of adult neurogenesis by external stimuli in zebrafish. (A) Influence of sensory stimuli. Representation on a schematic sagittal section of the effect of the different sensory modalities studied to date, which can module either neuronal survival (green) or proliferation of NE progenitors (orange). (B) Influence of a mechanical injury on pallial neurogenesis. Representation on a schematic pallial cross-section of the sequence of events following injury (1–3) and the changes in NSC state and gene expression (color-coded). See text for references. Cb, cerebellum; D, dorsal part of the telencephalon; OB, olfactory bulb; Sub, subpallium; TeO, tectum opticum; TL, torus longitudinalis; VL, vagal lobe.


Nutritional factors also affect rates of neurogenesis in both rodents and zebrafish. Because most experiments involving individual foods were conducted only in mice, we focus here on experimental schemes investigating the effect of global changes of diet on neurogenesis. A high-fat diet and hyperglycemia have generally been linked to decreased hippocampal neurogenesis in rats and mice (Dorsemans et al., 2017a). Similarly, chronic high caloric intake and hyperglycemia lead to diminished proliferation in the forebrain neurogenic niches in zebrafish (Dorsemans et al., 2017b). On the other hand, caloric restriction through intermittent fasting increases the number of BrdU-positive cells after a 4-week chase in the hippocampus. However, equivalent schemes have not been worked out so far in zebrafish, while a global caloric restriction is generally assumed to lead to a decrease in proliferation. An important confounding factor is that the adult zebrafish body and brain keep on growing (Than-Trong et al., 2020), that brain growth notably occurs through the addition of neurons by NSCs, and that this growth is dependent on the quantity of food they receive. This makes it much harder in zebrafish than in rodents to ascertain whether changes in proliferation rates of NSCs are due to a specific regulation of NSC behavior or dictated by organism growth when these changes go in the same direction. Therefore, while the zebrafish can be used to investigate metabolic control of neurogenesis due to conservation of physiological responses to metabolic imbalances (Craig and Moon, 2011), there is still a need to work out experimental conditions before using it as a model for interventions that can interfere with its growth.

Finally, factors influencing emotional states also have consequences on neurogenesis. In particular, chronic high stress induced by social isolation decreases proliferation in the hippocampus of mice (Ibi et al., 2008) and non-human primates (Cinini et al., 2014) as well as in the forebrain of zebrafish (Tea et al., 2019).

These results together illustrate that adult neurogenesis in zebrafish is sensitive to environmental cues. Whether and how newly generated neurons relay some important measure of these stimuli, or convey some physiological response, remains to be shown.



Hormonal Regulation of Zebrafish Adult Neurogenesis

The environmental cues discussed above can be relayed to NSCs or adult newborn neurons via the activity of neurons contacting germinal zones. In many cases, however, they are also mediated by hormones. Among them, steroid hormones have been the subject of much focus. Glucocorticoids are elevated in response to stress as well as under high-fat, high-sugar and hyper caloric diets, and appear to be the cause of the reduced neurogenesis in these cases. Of note, in many species including amphibians, rodents and birds, the main glucocorticoid is corticosterone whereas in humans and teleost fish the main glucocorticoid is cortisol (which differs from corticosterone by the presence of one additional hydroxyl group), making zebrafish a particularly attractive model to study the effects of glucocorticoids on adult neurogenesis.

Sex steroids and in particular estrogens have also been extensively studied for their role in modulating adult neurogenesis. In the end, the nature of their involvement seems to not be conserved between species, even among rodents (Tanapat et al., 1999, 2005; Ormerod and Galea, 2001; Ormerod et al., 2003; Brock et al., 2010). In zebrafish, experimentally increasing estradiol levels decreases proliferation in the subpallium and some pallial subdivisions (Dl but not Dm) (Diotel et al., 2013; Makantasi and Dermon, 2014). An important peculiarity of teleosts when it comes to estrogen signaling is the duplication of the cyp19a1 gene coding for aromatase. In mammals, aromatase is expressed in the gonads and in a few neurons, whereas in zebrafish, aromatase A is expressed in the gonads while aromatase B is expressed at high levels in radial glia (Pellegrini et al., 2007). There, it could contribute to local estrogen synthesis, and this has been proposed to actively suppress proliferation in some neurogenic niches, in particular at the junction between olfactory bulbs and telencephalon and in the pallial region (Diotel et al., 2013).

Several other hormones are known to regulate neurogenesis in rodents such as Ghrelin, Thyroid hormones, Adiponectin and Androgens, however, their action has not yet been investigated in zebrafish. Mapping the expression of their receptors in the brain could constitute a first step in determining whether these regulations are conserved across species (Rastegar et al., 2019).




Zebrafish Adult Pallial NSCs Contribute Actively to Neuronal Regeneration


Pallial NSCs Are Activated for Regeneration Upon Mechanical Lesion

Perhaps the most well-known feature of zebrafish adult neurogenesis is its ability to contribute to neuronal regeneration after a brain injury contrary to mammals. In rodents and non-human primates, traumatic or excitotoxic brain injuries can increases NSC proliferation. However, neuron generation is inefficient: a fraction of NSC divisions is gliogenic and generates astrocytes, neuroblasts often fail to migrate toward the site of injury, and the neurogenesis process is usually not followed by functional integration of the new neurons (Skaggs et al., 2014) -although with a few exceptions (Nakatomi et al., 2002; Sirko et al., 2013; Magnusson et al., 2014)-. Upon injury in mammals, inflammation triggers the activation of reactive astrocytes and the formation of a glial scar which prevents regeneration (März et al., 2011). On the opposite, in the mechanically injured zebrafish pallium, nearby RG cells in the ventricular zone quickly increase their proliferation rate, reaching a peak at 7 days post-injury (dpi) before progressively returning to baseline. Genetic or BrdU-mediated tracing indicated that this allows for the production of newborn neurons that migrate to the site of injury and get synaptically connected. These neurons can survive for at least 3 months, leading to wound closure without formation of a glial scar (Kroehne et al., 2011; März et al., 2011; Baumgart et al., 2012). Their identity, however, remains to be described – notably to determine whether it matches that of the lesioned neurons-. Functional recovery also needs to be assessed, although this may prove a difficult task given that functional pallial neuroanatomy is not precise at this point. Overall, a huge efforts needs to be made to map functional circuits and their markers in adult zebrafish.

Similarly, the initial response to pallial injury in zebrafish is an activation of microglia and oligodendrocytes surrounding the site of injury, together with pro-inflammatory signals, but contrary to the situation in rodents, they act to promote regeneration. Expression of cysteinyl leukotriene receptor 1 (cysltr1) is upregulated especially close to the site of injury and, upon binding its ligand CysLT1, triggers the expression of Gata3 (Kyritsis et al., 2012), a transcription factor which is normally not (or lowly) expressed under physiological condition (Kizil et al., 2012c). Expression of gata3 is necessary for injury-induced NSC proliferation in the pallium, and experimental stimulation of CysLTr1 is in turn sufficient and necessary to induce gata3 and increase NSC proliferation (Figure 8B). Other proinflammatory signals probably also play a role as expression of cxcr5 is also increased after injury and its blockade reduces the regenerative response (Kizil et al., 2012a). Moreover, while inflammation plays an essential role in initiating the regenerative response, other signaling pathways are also necessary for it to reach its full extent. Indeed, blocking FGF signaling after injury reduces the upregulation of gata3 and proliferation of nearby NSCs (Kizil et al., 2012c). Regulatory mechanisms involved in controlling neurogenesis in physiological conditions are also essential in response to injury. After injury, BDNF is upregulated in the surrounding newborn and mature neurons for up to 15 days and acts through its receptor TrkB to promote NSC proliferation. Likewise, the expression of proteins involved in the Notch signaling pathway is modified upon lesion, and non-selectively inhibiting it with the gamma-secretase inhibitor DAPT decreases the magnitude of the response in NSCs. Moreover, division modes upon injury favor a more neurogenic fate at the expense of self-renewal, which risks leading to depletion of the NSC pool (Barbosa et al., 2015a). The upregulation of Notch1 or Notch3, which promote stemness and quiescence (Alunni et al., 2013; Than-Trong et al., 2018) could be a way to counteract this depletion. This was formally demonstrated to be a function of Id1, which is also upregulated upon injury independently of inflammatory signals and of Notch signaling and mitigates the proliferation of NSCs upon injury (Rodriguez-Viales et al., 2015).

The improved regeneration in zebrafish thus appears to be in part due to the absence of parenchymal astrocytes that generate a glial scar and a different management of the inflammation response that recedes faster in zebrafish (Kizil et al., 2012b). In addition, the “protection” of a subset of NSCs from the regenerative response might be relevant to also maintain physiological neurogenesis post-lesion. Getting a full picture of those differences represents a promising avenue to better understand how to promote neuronal regeneration for therapeutic purposes.



Pallial NSCs Are Activated for Regeneration Upon Neuronal Alzheimer-Like Degeneration

One of the regions affected early in Alzheimer’s disease (AD) is the hippocampus, and this hippocampal degeneration is thought to underlie the memory loss symptoms as well as the visuo-spatial disorientation that appear from the early stages of the disease. Stimulating hippocampal neurogenesis in order to regenerate the lost neurons and rescue hippocampal function is thus considered a potential therapy to alleviate the disease. In mouse models of AD where the disease is replicated by inducing the formation of amyloid beta plaques in the brain, and in samples from AD patients, the production of newborn neurons appears increased (Jin et al., 2004; Gan et al., 2008; Unger et al., 2016). However, the NSCs themselves also seem affected by the disease, leading to depletion of the NSC pool (Moreno-Jiménez et al., 2019). Recently the Kizil group proposed a zebrafish AD model using amyloid-b42 injections into the adult pallium (Bhattarai et al., 2016). While the relevance of such a model to the human disease still needs to be fully validated, the results suggest that NSCs proliferate in response to amyloidopathies through IL4 signaling but that not all NSCs respond similarly (Bhattarai et al., 2016; Cosacak et al., 2019). Understanding the bases for these differences will be an important point for future studies.





CONCLUSION

The location and efficiency of adult neurogenesis domains, under physiological or pathological conditions, vary greatly between vertebrate species. The mechanistic reasons for these differences largely remain to be understood, and comparative approaches are powerful ways toward this goal. As illustrated in this review, the zebrafish adult pallium offers novel perspectives to dive into the fundamental properties of adult telencephalic NSCs. These are linked in particular with unprecedented possibilities to record the behavior of NSCs in their niche (such as intravital imaging methods), and with the existence of unique physiological contexts (such as regeneration), associated with a vast repertoire of NSC properties that can be mechanistically matched or contrasted with rodent NSCs. Princeps discoveries on adult NSC quiescence and population dynamics were obtained in zebrafish with strong applicability potential to rodents, and continuation of such synergistic work will undoubtedly help progress in the field.
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In the mammalian adult hippocampus, new neurons are continuously generated throughout life in the subgranular zone of the dentate gyrus. Increasing evidence point out the contribution of adult-born hippocampal granule cells (GCs) to cognitive processes such as learning and memory, indicating the relevance of understanding the molecular mechanisms that control the development of these new neurons in the preexisting hippocampal circuits. Cell proliferation and functional integration of adult-born GCs is a process highly regulated by different intrinsic and extrinsic factors. In this review, we discuss recent advances related with cellular components and extrinsic signals of the hippocampal neurogenic niche that support and modulate neurogenesis under physiological conditions.
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INTRODUCTION

Several studies provide evidences indicating that hippocampal neurogenesis is needed for the integration of new information into pre-existing context promoting flexible learning and adaptive behaviors. Physiological experiences such as learning, physical exercise and exposition to enrich environment (EEs) have been associated with an increase in survival, proliferation and differentiation of adult-born hippocampal cells. Moreover, others pathophysiological conditions, such as aging, stress, and degenerative disorders (like Alzheimer disease, AD) have been described to impair and decrease adult neurogenesis (Goncalves et al., 2016; Toda et al., 2019). These effects are modulated through different signaling molecules produced in the adult hippocampal neurogenic niche.

Understanding the signals derived from this specific microenvironment results essential to enhance the process of neuronal integration in the aged and diseased brain. In this minireview, we focus our attention in the complexity of the adult hippocampal neurogenic niche, which provides multiple signals that are integrated by the neural stem cells (NSCs) and the newborn neurons to respond adequately in different circumstances.



ADULT HIPPOCAMPAL NEUROGENESIS

Adult hippocampal neurogenesis has been confirmed in the majority of mammals, but whether it is present in humans has been the issue of an intense recent debate (Boldrini et al., 2018; Sorrells et al., 2018). Methodological factors seem to contribute to the discrepancies between studies that describe the presence or absence of neurogenesis in the human adult dentate gyrus (DG). Future research using different approaches will be needed to understand how adult-born granule cells (GCs) are generated. Recent studies describe that human hippocampal neurogenesis persists through the ninth decade of life and is associated with cognitive status in patients with AD, providing evidence of the potential relevance of this process for many human disorders (Moreno-Jimenez et al., 2019; Tobin et al., 2019).

The general pattern of hippocampal neurogenesis is conserved across different mammalian species. Hippocampal NSCs give rise to GCs throughout a highly regulated process, which involves the exit of the quiescence state, posterior divisions, specification to a neuronal fate, neuronal differentiation, and the physiological integration in the preexisting hippocampal circuits. Along this period morphological, intrinsic electrical properties and synaptic connections evolve in parallel toward a mature neuronal phenotype. All the process is tightly controlled by physiological stimuli, that modify the hippocampal niche (Toni and Schinder, 2015; Toda et al., 2019).



CELLULAR COMPONENTS OF THE HIPPOCAMPAL NEUROGENIC NICHE

The adult hippocampal neurogenic niche is a specialized and dynamic microenvironment, which involves both cellular and non-cellular components of the DG. Altogether, cells and the signals produced by them can regulate the neurogenic process acting at different levels from proliferation to functional integration (Figure 1).
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FIGURE 1. Scheme showing the organization and composition of the adult hippocampal neurogenic niche. The different stages of adult born GCs maturation are shown with neuronal and non-neuronal (astrocytes, microglia, and vascular cells) components. The extracellular matrix (ECM) is indicated in yellow. Soluble diffusible signaling molecules produced by the different cellular components of the SGZ niche are mentioned in the table. SGZ, subgranular zone; GCL, granular cell layer; ML, molecular layer.



Astrocytes

Astrocytes represent one of the main modulators of the neurogenic niche (Song et al., 2002). They control cell proliferation, migration, differentiation and synaptic integration of newborn GCs through membrane-associated molecules and by secreting soluble signals like fibroblast growth factor-2 (FGF-2), WNT (Wingless) ligands, thrombospondin-1 (TSP-1), cytokines, and extracellular matrix (ECM) proteins among others (Trejo et al., 2001; Shetty et al., 2005; Lu and Kipnis, 2010; Casse et al., 2018). They also control the availability of neurotransmitters in the synaptic cleft. The relevance of astrocytes in the maturation of adult-born GCs was evidenced using transgenic approaches to block vesicular release. This strategy resulted in both reduced glutamatergic synaptic input and dendritic spine density that was accompanied by a reduction in cell survival and functional integration of adult-born, but not of mature DG neurons (Sultan et al., 2015). Astrocytes can affect positively or negatively neurogenesis, depending on their metabolic state. While in normal physiological conditions astrocytes produce molecules that positively regulate this process, in pathological situations, they suffer modifications in their transcriptome and secretome that may contribute to impairment of neurogenesis and cognitive deficits. Thus, cytokines such as IL-6, TNF-α, and IFN-γ are produced by astrocytes in inflammatory processes (Vallieres et al., 2002; Liddelow and Barres, 2017; Casse et al., 2018).



Microglia

Several studies have shown the relevance of microglia in adult hippocampal neurogenesis. They are involved in phagocytosis of apoptotic adult-born GCs (Sierra et al., 2010). Therefore, ablation of microglia in the adult DG results in decreased number of neuroblasts (Kreisel et al., 2019). Interestingly, a recent report has described that phagocytic microglia act as a sensor of local cell death and modulate the balance between cell proliferation and cell survival in the neurogenic niche (Diaz-Aparicio et al., 2020). Microglial cells regulate neurogenesis through both cell-cell interaction mechanisms and secreted factors. Thus, animals lacking CX3CR1 microglial receptor, involved in microglial-neuronal interaction, resulted in impaired morphology and deficient synaptic integration of adult-born GCs in the DG (Bolos et al., 2018). Microglial activation by pro-inflammatory molecules results in defects in different steps of adult neurogenesis. Cytokines secreted by microglia in the context of inflammation include: IL-6, IL-1β, and tumor necrosis factor-α (TNF-α; Cacci et al., 2005; Gemma et al., 2007; Ekdahl et al., 2009).



Vascular Cells

A growing body of data indicates that blood vessels are essential components of hippocampal NSC niches. Vascular cells can impact neurogenesis directly by producing neurogenic factors or indirectly, transporting neurogenic substances produced by other cells. Many studies indicate that endothelial cells secrete different trophic factors such as brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), and chemokines such as CCL11, which affect NSCs proliferation and maturation of these cells (Cao et al., 2004; Kim et al., 2004; Licht et al., 2011; Villeda et al., 2011; Licht and Keshet, 2015). A recent study indicates that endothelial cells, through the expression of the monocarboxylic acid transporter 1 (MCT1), contribute to the maintenance of lactate homeostasis promoting neurogenesis and cognitive functions (Wang et al., 2019). Another important source of neurogenic signals comes from the brain vasculature which provide signaling molecules secreted by local or distal sources. These include trophic factors, hormones, lipids and exosomes (Batiz et al., 2015; Licht and Keshet, 2015).



Neural Stem Cells and Neuronal Cells

Increasing evidence shows an important role for NSCs as regulators of their own niche, influencing the development of their progeny at different neurogenic stages. VEGF, neurotrophin-3 (NT3), Pleiotrophin (PTN), and BDNF are some of the factors released by the NSCs (Vicidomini et al., 2020).

Neuronal activity regulates multiple stages of adult neurogenesis from proliferation, survival, neuronal maturation, and synaptic integration. Local interneurons, hilar inhibitory neurons, mossy glutamatergic neurons and mature GCs from the DG control different stages of newborn GCs integration. Extensive literature has demonstrated an essential role of neurotransmitters locally released by DG neurons or by axons arising from projecting neurons in the modulation of adult-born GCs development (Song et al., 2012, 2016; Toni and Schinder, 2015; Bao et al., 2017; Yeh et al., 2018; Groisman et al., 2020). This topic will not be discussed in the present revision.

The cellular components of the subgranular zone (SGZ) provide a complex regulatory architecture that allow the correct development of the adult-born GCs, promoting their correct integration in the preexisting hippocampal circuits. Neural activity triggered by physiological experiences is essential to govern the interaction between the different cellular components that control the neurogenic process by secreting specific signals. An interesting example of the signal integration in the hippocampal neurogenic niche was evidenced in a recent study which shows that hippocampus-associated behaviors increase microvascular blood-flow velocity in the DG and enhance hippocampal neurogenesis. The authors proved that this effect is mediated by parvalbumin-expressing neurons which increase blood flow via nitric-oxide signaling. This increase in the microvascular hemodynamics enhances IGF-1 signaling promoting the newborn cell survival (Shen et al., 2019).



SUBGRANULAR ZONE NICHE SIGNALS

The different cellular components of the neurogenic niche can modulate neurogenesis by multiple signaling mechanisms (Figure 2). Here we describe different types of signals produced by the SGZ niche focusing in the new advances and novel factors that has been described during the last years.


[image: image]

FIGURE 2. Schematic representation of the different cellular and molecular mechanisms that modulate adult neurogenesis in SGZ. In the figure, we summarize the novel signals most recently described. (A) Intercellular contacts including Notch/JAG1/DLL1 and Eph/ephrines between NSCs and adjacent cells. (B) Extracellular matrix (ECM) molecules contributes to the preservation of stem cells pool and the morphological differentiation of adult born-GCs. ECM can also modulate the availability of soluble factors present in the SGZ niche, like Pleiotrophin (PTN) and BDNF. (C) Exosomes has recently been proposed to have a key role in cell-cell communication in SGZ niche. (D) Soluble diffusible factors have been described to have multiple roles in regulating adult hippocampal neurogenesis. Some external signals, their receptors and their biological action were indicating. Question mark indicates that the source of the ligand is still unknown. Arrow indicates autocrine signaling. More studies are needed to understand the interaction between these signals. GC, granular cell; NSC, neural stem cell; CSPG, chondroitin sulfate proteoglycan.



Intercellular Contacts

Direct cell–cell interaction is critical in stem cell maintenance. A known membrane molecule, Notch, and its ligands can mediate direct interaction between NSCs and neighboring cells, and thus play an important role in neurogenesis. Ablation of Notch in hippocampal NSCs during adulthood promotes cell cycle exit and neuronal fate determination (Breunig et al., 2007; Ables et al., 2011). The importance of Notch signaling in the maintenance of NSC quiescence in SGZ has been also demonstrated by ablation of the Notch ligands DELTA1 (DLL1) and JAGGED1 (JAG1) in DG stem cells (Ehm et al., 2010; Imayoshi et al., 2010; Kawaguchi et al., 2013; Lavado and Oliver, 2014). Notch ligands are also expressed by astrocytes from the adult DG and reduction in the levels of JAG1 results in a reduction in Notch signaling and increase in neuronal differentiation (Wilhelmsson et al., 2012).

Eprhrin/Eph signaling has also been involved as important players regulating stem cell behavior. Initial studies showed that Ephrin-B2 presented by astrocytes interacts with EphB4 receptors on NSCs, promoting neuronal differentiation (Ashton et al., 2012). A recent study indicates that the intercellular signaling between mature GCs and NSCs regulates the transition of quiescent NSCs to newborn neurons. During running, membrane-bound ligand, Ephrin-B3 on mature GCs acts as a negative regulator for activation of adjacent NSCs expressing EphB2 receptor (Dong et al., 2019).



Extracellular Matrix Signals

All cell types in the SGZ niche are in contact with the ECM, a complex and dynamic network of macromolecules with different physical and biochemical properties. The ECM acts providing a physical supportive structure and also molecular signals to regulate NSC development. The contribution of the ECM molecules to the modulation of hippocampal neurogenesis is complex, as they can act by interacting directly with cellular receptors or indirectly as modulators of the availability of soluble factors present in the neurogenic niche (Figure 2B). Among ECM molecules that have been involved in hippocampal neurogenesis is the extracellular glycoprotein Reelin, which promotes NSC proliferation and also dendritic maturation (Won et al., 2006; Teixeira et al., 2012). During the last years proteoglycans have emerged as important cues for the proliferation and differentiation of new neurons in the SGZ. Thus, pharmacological depletion of chondroitin sulfate proteoglycan (CSPG) in the DG reduces the densities of newborn GCs. The dendritic arborization of these neurons was also reduced by CSPG digestion, and behavioral analysis of these animals revealed cognitive memory impairments. Interestingly, the ability of EE to promote GC production and improve cognitive behaviors was impaired in mice that lacked a key enzyme for CSPG synthesis indicating that the extracellular CSPGs participate in the pro-neurogenic effects of the EE (Yamada et al., 2018). Another major constituent of the forebrain ECM is the glycosaminoglycan hyaluronan (Hyaluronic acid, HA), which is present in the SGZ. Mice lacking the HA transmembrane receptor, CD44, which is expressed by NSC, show an increase in stem cell proliferation, suggesting a role of this molecule in NSC quiescence. The fact that HA is synthesized by NSC and increases in the SGZ with aging suggest that HA accumulation may contribute to the reduced neurogenesis observed in aged animals (Su et al., 2017).



Soluble Diffusible Factors

The different cells that constitute the DG neurogenic niche regulate stem cell activity by secreting diffusible signaling molecules, which represent the majority of extracellular cues that regulate neurogenesis (Figure 2D). Among them, the role of bone morphogenetic proteins (BMPs) and WNT signaling has been well established. Thus, WNT signaling produced by NSCs and astrocytes in the SGZ can regulate different stages of adult neurogenesis. It is well-known that WNT signaling promotes proliferation and NSC self-renewal, while, endogenous WNT signaling inhibitors, such as sFRP3 and Dkk1, promote stem cell quiescence and controls the timing of newborn granule neuron maturation (Lie et al., 2005; Bowman et al., 2013; Jang et al., 2013; Seib et al., 2013; Varela-Nallar and Inestrosa, 2013). Different members of the WNT family have also been associated to the promotion of dendrite development of adult born GCs (Arredondo et al., 2020). Regarding to the BMPs, they have emerged as critical inducers of NSC quiescence and long-term maintenance in SGZ (Gobeske et al., 2009; Mira et al., 2010; Yousef et al., 2015). The soluble factor Sonic Hedgehog (Shh), which is critical at early stages of embryonic brain development, has also been involved in adult hippocampal neurogenesis promoting the proliferation SGZ NSCs before they become quiescent (Han et al., 2008; Noguchi et al., 2019).

Trophic factors, such as IGF-1 and VEGF are relevant players involved in adult neurogenesis at different developmental stages that have previously been deeply analyzed (Cheng et al., 2001; Lichtenwalner et al., 2001; Fournier and Duman, 2012; Kirby et al., 2015; Nieto-Estevez et al., 2016; Mir et al., 2017).

During the last years new soluble molecules known for other functions, have emerged as modulators of the neurogenic process. Thus, the Globule-epidermal growth factor (EGF) 8 (MFGe8), a molecule involved in the phagocytosis of apoptotic cells, was found to be expressed by quiescent NSCs and astrocytes in the SGZ. Recently, it was shown that adult specific deletion of MFGe8 in NSCs promotes the increase in NSC proliferation and depletion of the neurogenic pool causing a decreased neurogenesis at later developmental stages (Zhou et al., 2018). Another soluble protein, Semaphorin7a (Sema7a), which has been previously described as a guidance molecule, has emerged as a novel key factor in the control of adult hippocampal neurogenesis. Interestingly, Sema7a regulates different stages of adult neurogenesis via two, stage-specific different receptors. Thus, Sema7a inhibits progenitor proliferation by acting though Plexin, in early neural progenitors and subsequently, during differentiation, Sema7a promotes dendrite maturation and spine development acting through β1-integrin receptors (Jongbloets et al., 2017).

The role of the neurotrophins in hippocampal adult neurogenesis is well documented. Particularly, BDNF is expressed in SGZ by NSCs, mature DG granule neurons and also by non-neuronal cells, while its receptor, TrkB, is broadly expressed by NSCs at different developmental stages (Vilar and Mira, 2016). Brain-derived neurotrophic factor acting through TrkB has been associated to survival, proliferation and maturation of adult-born GCs (Scharfman et al., 2005; Li et al., 2008; Taliaz et al., 2010). Dendrite development, spine growth and synapse formation were markedly impaired in adult-born GCs from TrkB-deficient mice in which the receptor was conditionally deleted in NSC and in animals in which BDNF was ablated in the entire forebrain (Bergami et al., 2008). Interestingly, conditional deletion of BDNF in NSCs resulted in a similar impairment in dendrite growth indicating that the effect of BDNF on dendrite maturation is mainly autocrine. In support of an autocrine role of BDNF, its deletion in NSC abolished the promotion of dendritic growth induced by running (Wang et al., 2015).

Other member of the neurotrophin family, NT-3 is highly expressed in the adult DG. Conditional ablation of NT-3 in the brain throughout development shows normal proliferation in the SGZ, a reduction in the number of newly generated granule neurons and an increase in the proportion of cells that do not express differentiation markers, indicating a role of NT3 in maturation of neural progenitor cells (Shimazu et al., 2006).

A more recent work has demonstrated that the protein PTN secreted by hippocampal NSCs from the SGZ niche is important for the correct development and integration of the new neurons in the DG. Ablation of PTN leads to defects in neuronal integration and synaptic activity of the newborn neurons in the hippocampus without affecting the production or survival of them. This effect is mediated by one of the PTN receptors, ALK, which is expressed by NSCs. Interestingly, this study showed that the expression of PTN is reduced with aging but that the administration of PTN is able to ameliorate the age-induced defects of hippocampal neurogenesis (Tang et al., 2019).

Recently, glial-derived neurotrophic factor (GDNF), a neurotrophic factor initially described for its potent effect on the survival of dopaminergic nigrostriatal neurons was described as a novel regulator of newborn GCs integration (Paratcha and Ledda, 2008; Bonafina et al., 2019). The receptor of GDNF, the GPI-linked protein GFRα1, is expressed by immature and mature adult-born GCs. Conditional ablation of GFRα1 in NSCs indicated that GDNF/GFRα1 complex is required for proper maturation and integration of adult-born GCs into preexisting hippocampal circuits. Conditional knockout mice for GFRα1 showed impairment in behavioral pattern separation, which has been associated to deficits in adult neurogenesis. This study shows that voluntary physical exercise promotes GDNF expression in the DG and dendritic development. However, the deletion of GFRα1 in the newborn GCs abolishes the increase in dendrite complexity induced by running, revealing that the effect of running on dendrite development depends partially on GDNF expression (Bonafina et al., 2019).

As growth factors involved in hippocampal neurogenesis acts through different receptors triggering specific downstream signaling pathways, the remaining question is how newborn neurons integrate this information. One possibility is that the same cell expresses all the receptors but need to integrate the different signals in order to respond appropriately. A second possibility is the existence of subpopulations of adult-born GCs each of which respond to different growth factors expressing specific receptor repertoires. Moreover, the presence and the abundance of receptors and the downstream signaling partners can be modified during the maturation process. Thus, the expression of different arrays of trophic factor receptors in the adult-born GCs deserve further analysis.



Exosomes

These small membrane extracellular vesicles have emerged as one of the major mediators of intercellular communication (Figure 2C). Diverse array of proteins, lipids, mRNAs and miRNAs have been identified in exosomes from different cell types found in the SGZ niche. Although the role of exosomes in the adult neurogenic niches is still unclear, growing indirect evidence suggest that exosomes might play a critical role in cell-cell communication in neurogenic niches (Batiz et al., 2015). Some of the molecules expressed in the neurogenic environments have been reported to be present in exosomes. Recently, a study has shown that injection of purified exosomes derived from neural cultures in postnatal mouse brains increases SGZ neurogenesis indicating that exosomes contain molecular cargo that regulates this process (Sharma et al., 2019).



Lipids

Over the last years, lipids have gained attention in the regulation of adult neurogenesis (Knobloch, 2017). Lipids can be taken up from circulation or synthetized de novo by NSCs. Cholesterol-carrying lipoproteins receptor, LDL-r, has been associated to adult hippocampal neurogenesis. Ablation of LDL-r in mice results in a reduction of the proliferation of NSCs and also a decline in the number of newborn GCs. These results were confirmed by in vitro experiments in which NPCs exposed to high concentration of plasma LDL results in a decreased proliferation and reduced differentiation toward a neuronal lineage (Engel et al., 2019). Although several studies indicate the relevance of lipids in neurogenesis, how lipids affect this process needs to be addressed in more detail.

The large literature about the different cells and the nature of signals which modulate adult hippocampal neurogenesis indicates that extrinsic control of this process is much more complex than previously envisioned. The distribution of different factors in the neurogenic niche, the precise signaling pathways that they trigger, the interaction with other intrinsic and extrinsic signals and their function in pathological process deserves further investigation.



DISCUSSION

The great diversity of signals present in the niche should be appropriately integrated by the adult-born GCs to promote the proper maturation and integration of them into preexisting circuits. The different factors derived from the microenvironment induce specific transcriptional programs that drive the maturation of the new cells and determine the morphological and physiological properties of GCs at the different stages during neuronal development and their response to external stimuli.

In parallel to the great diversity of signals that have been described as modulators of the hippocampal neurogenesis, different studies pointed out to the heterogeneity of NSCs. This idea indicates that not all NSCs or immature GCs respond similarly to the different extracellular signals that are present in the niche (Shin et al., 2015). Cellular heterogeneity in these neurons may result in some populations being more responsive to the variety of factors present in the niche and also being more susceptible to different pathologies.

The identification of the array of factors present in the SGZ niche during neurogenesis represents a crucial knowledge because it opens the possibility to combine them in order to improve the development of adult-born neurons in physiopathological conditions. In this context a recent study reported that mimicking the beneficial effects of exercise by pharmacological induction of neurogenesis, combined with elevation of BDNF levels in the DG revert the negative effects of Alzheimer’s disease on newborn hippocampal neurons in a mouse model of the disease (Choi et al., 2018).

Thus, understanding the complexity of the SGZ neurogenic niche becomes essential for the development of novel therapeutic strategies for the treatment of cognitive impairments associated with aging and brain disorders in which adult hippocampal neurogenesis is affected.
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Genomic instability in the central nervous system (CNS) is associated with defective neurodevelopment and neurodegeneration. Congenital human syndromes that affect the CNS development originate from mutations in genes of the DNA damage response (DDR) pathways. RINT1 (Rad50-interacting protein 1) is a partner of RAD50, that participates in the cellular responses to DNA double-strand breaks (DSB). Recently, we showed that Rint1 regulates cell survival in the developing brain and its loss led to premature lethality associated with genomic stability. To bypass the lethality of Rint1 inactivation in the embryonic brain and better understand the roles of RINT1 in CNS development, we conditionally inactivated Rint1 in retinal progenitor cells (RPCs) during embryogenesis. Rint1 loss led to accumulation of endogenous DNA damage, but RINT1 was not necessary for the cell cycle checkpoint activation in these neural progenitor cells. As a consequence, proliferating progenitors and postmitotic neurons underwent apoptosis causing defective neurogenesis of retinal ganglion cells, malformation of the optic nerve and blindness. Notably, inactivation of Trp53 prevented apoptosis of the RPCs and rescued the generation of retinal neurons and vision loss. Together, these results revealed an essential role for TRP53-mediated apoptosis in the malformations of the visual system caused by RINT1 loss and suggests that defective responses to DNA damage drive retinal malformations.

Keywords: DNA damage response, replicative stress, neurodegeneration, visual system development, neurogenesis, ganglion cells, optic nerve hypoplasia


INTRODUCTION

Several human diseases that affect the central nervous system (CNS) originate from mutations in genes of the DNA damage response (DDR) pathways (Jackson and Bartek, 2009; McKinnon, 2017). RINT1 (Rad50-interacting protein 1) was initially described as a regulator of the G2/M cell cycle checkpoint, centrosome integrity and chromosomal segregation (Xiao et al., 2001; Lin et al., 2007). Additional roles for RINT1 were described, including regulation of autophagy and Golgi-ER trafficking mechanisms (Hirose et al., 2004; Arasaki et al., 2006; He et al., 2014). Rint1 inactivation in the developing brain is lethal, causes massive apoptosis of neural progenitor cells, and was associated with DNA damage accumulation, impaired ER-Golgi homeostasis and autophagy inhibition (Grigaravicius et al., 2016). While these findings reinforced the importance of RINT1 for progenitor cells survival, it remains unclear how and which of the multiple functions of RINT1 contributes to its pleiotropic effects in physiological and pathological contexts.

The neural retina is the CNS tissue that detects and transmits visual stimuli to the brain through axonal projections of the retinal ganglion cells that compose the optic nerve (Horsburgh and Sefton, 1986; Dowling, 1987). Malformation and/or degeneration of retinal ganglion cells can cause irreversible blindness (Taylor, 2007; Almasieh et al., 2012). The architecture of retinal tissue and the mechanisms that govern the generation of retina neurons during development are highly conserved in vertebrates, making the retina an excellent system to study neurogenesis in the CNS (Centanin and Wittbrodt, 2014). Retinal ganglion cells are the first neurons generated and, as well as other retinal cell types, originate from multipotent retinal progenitor cells (RPCs). Precise coordination of the RPCs proliferation, survival and neurogenesis is essential for the formation of a functional retina (Dyer and Cepko, 2001; Ohnuma and Harris, 2003) and it is well established that RPCs rely on classical cell cycle checkpoints in response to exogenous DNA damaging agents (Herzog et al., 1998; Borges et al., 2004; Mayer et al., 2016). However, few studies approached how defects in physiological DDR affects the genesis of retinal neurons (Baranes et al., 2009; Baleriola et al., 2010; Rodrigues et al., 2013; Alvarez-Lindo et al., 2019).

In humans, RINT1 mutations have been recently associated with a developmental multisystem disorder (Cousin et al., 2019) and in mice, loss of RINT1 in vivo causes progenitor cell death and is lethal (Lin et al., 2007; Grigaravicius et al., 2016). In a context where different molecular mechanisms for RINT1 have been described (Kong et al., 2006; Lin et al., 2007; Arasaki et al., 2013; Tagaya et al., 2014), characterizing how Rint1 loss of function leads to cell death will contribute to determine its essential roles for progenitor homeostasis. TP53 is a master regulator of DDR and key for DNA damage induced cell death of progenitor cells, however TP53-independent responses to DNA damage have been reported (Pietsch et al., 2008; Valentine et al., 2011; Reinhardt and Schumacher, 2012; Fagan-Solis et al., 2020). Importantly, activation of DDR in the CNS of mice may trigger distinct TRP53-dependent outcomes (Frappart and McKinnon, 2007; Lee et al., 2012b; Lang et al., 2016), and it has not yet been studied whether TRP53 is required for the developmental malformations caused by RINT1 loss.

To bypass the lethality caused by Rint1 inactivation in the embryonic brain and understand the long-term consequences of its inactivation to CNS development, we conditionally inactivated Rint1 in retinal progenitor cells (RPCs). Our findings indicate that RINT1 is essential to prevent endogenous DNA damage accumulation, but is not required for the activation of cell cycle checkpoint. In Rint1-deficient retinas, RPC committed to differentiate into retinal ganglion cells die by apoptosis severely compromising retinogenesis and optic nerve formation. Remarkably, inactivation of Trp53 in the Rint1-deficient retinas rescued the RPCs death and fully restored retinal structure and vision, demonstrating that RINT1is essential for retinal development and indicating that the cell death of progenitors is key for developmental malformations caused by RINT1 deficiency.



MATERIALS AND METHODS


Ethics Statement, Mice, and Genotyping

All experiments with rodents were planned according to international rules and were approved by the Ethics Committee on Animal Experimentation of the Health Sciences Center (CEUA, CCS) of the Federal University of Rio de Janeiro in Brazil and approved by the governmental review board of the state of Baden-Württemberg (Regierungspräsidium Karlsruhe-Abteilung 3-Landwirtschaft, Ländlicher Raum, Veterinär-und Lebensmittelwesen) in Germany.

Transgenic mice lines used in this work: α-Cre (Tg(Pax6-cre,GFP)2Pgr) (Marquardt et al., 2001), Rint1 Flox (Rint1TM 1.1Pof) (Grigaravicius et al., 2016) and Trp53 Flox (B6.129P2-Trp53tm2Brn/A) (Jonkers et al., 2001). Mice were identified as follows: 1- control: α-Cre–/–; Rint1Flox/Flox = = Rint1Ctrl; 2- cKO: α-Cre+/–; Rint1Flox/Flox = Rint1α–Cre; 3- DKO: α-Cre+/–; Rint1Flox/Flox; Trp53Flox/Flox = = Rint1; Trp53α–Cre. These transgenic mice were genotyped as described in the original publications: Rint1Flox primers: Rint6956F (5′-AGTTCCTACTGACTTG CTGTGATAG-3′) and Rint7732R (5′-GTCAGGCCACAGAT TAGGCT-3′); Trp53Flox primers: oIMR8543F (5′-GGTTAA ACCCAGCTTGACCAG-3′) and oIMR8544R (5′-GGAGGCA GAGACAGTTGGAG-3′). Cre-mediated recombination of the Rint1Flox allele was verified using Rint6542F (5′-TAACCCCTG ACCCATCTCTC-3′) and Rint-8345R: (5′-ACTTCTGGATGA CTGAGGAC-3′) primers.



RNA Extraction, cDNA Synthesis, and Real-Time RT-PCR

Retinas were dissected in cold PBS and lysed in 1 mL of Trizol (Thermo Fisher Scientific, cat# 15596026). Following, mechanical lysis of the tissue using a 100U syringe, standard Trizol extraction was performed and the pellet resuspended in 20 μL of ultrapure water (Thermo Fisher Scientific, 10977). Analysis of rRNA integrity was performed by electrophoresis in a 1% agarose gel and RNA concentration and purity were determined using a NanodropTM 2000 spectrophotometer; 1 μg of total RNA was treated with DNase (rDNase kit, Ambion, AM1906) and contamination with genomic DNA was verified by PCR using primers for genomic DNA and electrophoresis. cDNA was synthetized using first-strand cDNA synthesis kit (GE, 27-9261-01) following the manufacturer’s instructions.

Real-time RT-PCR reactions were performed in an Applied Biosystems ABI7500 thermocycler. TaqMan and SYBR methods were used. Primers used for real-time RT-PCR: Rint1 forward 5′-GCGCTCCTTTCCTATGTGTCTG-3′, Rint1 reverse 5′-AGCC CTGGATGGATGACCTTGG-3′. TaqMan primers and probes: β-actin forward 5′-AGCCACCCCCACTCCTAAGA-3′; reverse 5′-TAATTTACACAGAAGCAATGCTGTCA-3′; probe 5′-ATGG TCGCGTCCATGCCCTGA-3′. For SYBR green (Applied Biosystems, 4367659), reactions had 12.5 μL of SYBR Green 2× mix, 2 μL of diluted cDNA (1:10), 0.5 μL (5 μM) of each primer and 9.5 μL of UltraPure water (Gibco, 10977). For TaqMan (Thermo Fisher Scientific, 4369016), reactions had 10 μL of 2× TaqMan mix, 1 μL of diluted cDNA (1:10), 0.4 μL (5 μM) of each primer, 0.2 μL of probe (5 μM) and 8 μL of UltraPure water. The cycling conditions were: 50°C for 2 min, 95°C for 10 min and 40 cycles of 94°C for 15 s and 60°C for 60 s. Each sample was reacted in duplicate, and only duplicates with <0.5 Ct variation were further analyzed. The comparative method for relative quantification delta–delta Ct (2-ΔΔCt) was applied to determine the relative quantity of a target compared to the average of the reference gene (β-actin). We used a mathematical correction similar to the qBASE software based on the use of the mean of the ΔCt of all groups to define the value calibrator (Hellemans et al., 2007).



Immunostaining, TUNEL Assay, and Pyknotic Nuclei Identification

Eyes were fixed by immersion in 4% paraformaldehyde in PBS for 16 h, washed in PBS and cryoprotected in increasing concentrations of sucrose (10, 20, and 30% - 16 h each). Cryoprotected eyes were embedded in OCT, cut in a cryostat (Leica CM1850) and transversal sections (10 μm) were mounted on poly-L-lysine (300 μg/mL) covered slides. These were washed with PBS and antigen retrieval was performed (1-min boil in 10 mM citrate buffer, pH = 6). Slides were incubated in a blocking solution [5% goat serum (Sigma, cat# G9023); 1% bovine serum albumin (Sigma, cat# A2153); 0.5% Triton (Sigma, cat# X100)] for 30 min. All primary antibodies were diluted in blocking solution and incubated for 16 h at 4°C in the following dilutions: anti-Ser10 pH3 (1:200, CST, cat# 9701), anti-active caspase-3 (1:100, BD Biosciences, cat# 559565), anti-γH2AX (1:250, Millipore, cat# 05-636), anti-BrdU (1:3, GE, cat# RPN20), anti-Atoh7 (1:300, Novus, cat# 88639), and PCNA (1:400, SC, cat# SC-56). Immunofluorescence reactions were performed by different methods: biotin conjugated secondary antibody followed by the incubation with Cy3-conjugated streptavidin (red staining) (Thermo Fisher Scientific, cat# 434315) or an Alexa secondary antibody (green staining) (1:500, Life, cat# A11001 or A11008). Fluorescent nuclear counterstaining was performed using DAPI (Lonza, cat# PA3013) or Sytox Green (Thermo Fisher Scientific, cat# S7020).

To label S-phase cells in vivo, intraperitoneal injections of 50 μg/g of body weight of BrdU (Sigma Aldrich, cat# B5002) were performed. Eyes were collected 1 h after injection. TUNEL [Click-iT TUNEL Alexa Fluor 488 Imaging Assay (Invitrogen, C10245)] analysis was performed following manufacturer’s instructions. Fluorescent images were captured using a Leica TCS-SPE with an AOBS confocal microscope system. In addition to TUNEL assay and cleaved-caspase-3 staining, apoptotic cell death was also analyzed through the detection of pyknotic nuclei, a classical morphological hallmark of apoptosis. Pyknotic nuclei were identified in retinal tissue sections previously stained with nuclear dyes (DAPI or SYTOX green) based on its morphology of compacted, spherical and intense (brighter) nuclear staining that reveals the higher degree of nuclear chromatin condensation (Soriano et al., 1993; Ziegler and Groscurth, 2004; Kroemer et al., 2009) (Figure 3A).



Optomotor Response Test

Measurements of visual acuity by optomotor response were performed using OptoMotry as previously described (Cavalheiro et al., 2017; Rocha-Martins et al., 2019). Visual accuracy threshold was determined by systematic increments of the spatial frequency until the animal no longer responded. The experimenter was blind in relation to mice genotypes.



Experimental Design, Quantifications, and Statistical Analysis

At least three mice were used on each analysis and the number of mice used on each experiment was plotted as a dot in each graph (black dots for control = Rint1Ctrl, brown dots for cKO = Rint1α–Cre and red dots for DKO = Rint1; Trp53α–Cre mice. For every statistical analysis, the measurement obtained for each mouse in a given experiment was used as an independent value (n). Due to the pattern of the Cre-mediated recombination in α-Cre retinas (Marquardt et al., 2001) (Cre recombination occurs only in retinal periphery), in experiments involving histological sections, we analyzed and quantified only the retinal periphery (∼250 micrometers most-peripheral regions of each side of the retinal section). To standardize regions between different samples, only sections in which the optic nerve was visible were used for quantifications. At least three sections from each mouse were quantified and the obtained mean was the measurement used for each mouse. Quantifications in the neuroblastic layer (NBL) were normalized by area (mm2) and quantifications on the ganglion cell layer (GCL) were normalized by length (μm) of retinal tissue. GraphPad Prism software was used for statistical analysis. Student’s t-test or one-way ANOVA were performed as indicated on each figure legend. Computations assumed the same scatter (s.d.) and Gaussian distribution between groups. p-values are based on two-sided tests.



RESULTS


RINT1 Is Essential for Retinal Development and Its Loss Causes Blindness

To investigate RINT1 function during retinogenesis, we used a previously generated Rint1 floxed mice (Grigaravicius et al., 2016) and crossed with an α-Cre mouse line (Marquardt et al., 2001) that leads to Rint1 genetic inactivation in retinal progenitor cells (RPCs). Real-time RT-PCR studies revealed that Rint1 is expressed through out mouse retinal development (Supplementary Figure S1A) and PCR analysis confirmed the recombination of the floxed allele in the Rint1α–Cre (Rint1F/F; α-Cre+/–) retina (Supplementary Figure S1B). Inactivation of Rint1 specifically in the RPCs induced optic nerve hypoplasia and mildly affected eye growth (Figures 1A,B). Consistent with the spatial pattern of α-Cre-mediated recombination (Marquardt et al., 2001), the periphery of adult Rint1-deficient retinas was severely affected, confirming that RINT1 is required for retinal morphogenesis (Figure 1C). To test whether the malformation of Rint1-deficient retinas would impact visual function, we performed an optomotor response analysis that revealed a severe visual acuity impairment of Rint1α–Cre mice (Figure 1D). These findings indicate that RINT1 is crucial for retinal development and for visual function.
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FIGURE 1. Retinal progenitor cell-specific inactivation of Rint1 severely impairs retinogenesis causing blindness. (A) Representative images of optic nerve and (B) eye volume measurements of Rint1Ctrl and Rint1α–Cre mice at P14. (C) Representative images of the Rint1Ctrl and Rint1α–Cre retinal sections stained with SYTOX green at P60. (D) Behavioral optomotor response analysis in the Rint1Ctrl and Rint1α–Cre mice at 4 months. Statistical analysis: (A) Student’s t-test; (D) One-way ANOVA followed by Tukey’s post-test; *p < 0.05; ****p < 0.0001. Error bars indicate SD. Scale bar: 1 mm. On, optic nerve; Onh, optic nerve head; c/d, cycles/degree.




DNA Damage Accumulation and Checkpoint Activation Following RINT1 Loss

To better understand the defective morphogenesis of Rint1α–Cre retina, we evaluated the consequences of RINT1 loss to key cellular events of early retinogenesis. In progenitor cells of the brain, Rint1 inactivation caused genomic instability (Grigaravicius et al., 2016); therefore, we asked whether RINT1 loss would affect the DDR in RPCs. An increased proportion of γH2AX positive (+) cells suggested an accumulation of endogenous DNA damage in the Rint1-deficient RPCs (Figures 2A,B). Since DNA damage can activate distinct cell cycle checkpoints and pause the cell cycle, we asked whether the proliferation of RPCs would be affected following RINT1 loss. First, we analyzed the distribution and scored the proportion of PCNA, a progenitor cell marker expressed in all phases of the cell cycle. No difference in PCNA+ cells was found in the Rint1α–Cre embryonic retinas (E15.5) (Supplementary Figure S2). Next, we pulse-labeled progenitor cells entering the S-phase with bromodeoxyuridine (BrdU) and quantified the proportion of BrdU+ RPCs. No alteration in the proportion of BrdU+ cells was observed (Figures 2C,D), indicating that total number of RPCs is unaltered and that these progenitors normally enter S-phase in Rint1-deficient retinas. RINT1 was previously associated with the regulation of G2/M cell cycle checkpoint following irradiation (Xiao et al., 2001). To test whether inactivation of Rint1 could impact the transition of progenitors between cell cycle phases, we scored phospho-histone H3 (pH3)+ RPCs and, based on the nuclear morphology, the number of RPCs reaching anaphase. A decrease in pH3+ cells (Figures 2E,F) and a reduction of RPCs in anaphase (Figures 2G,H) was detected in the Rint1α–Cre retinas, suggesting that the accumulation of DNA damage caused by RINT1 loss activates a cell cycle checkpoint that prevents RPCs to reach final phases of mitosis.


[image: image]

FIGURE 2. DNA damage accumulation and normal cell cycle checkpoint following Rint1 inactivation in RPCs. (A,C,E,G,I) Representative images of γH2AX, BrdU, phospho-H3 (pH3), anaphase mitotic nuclei, and phospho-Chk1 (pChk1) immunostaining in Rint1Ctrl and Rint1α–Cre retinas at E14.5 or E15.5 (as indicated). (B,D,F,H,J) Quantification of γH2AX+, BrdU+, pH3+, anaphase nuclei, and pChk1+ cells in Rint1Ctrl and Rint1α–Cre retinas at E14.5 or E15.5. Statistical analysis: Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars indicate SD. Scale bars: 50 μm. NBL, neuroblastic layer.



[image: image]

FIGURE 3. RINT1 loss induces apoptosis of progenitors and postmitotic retinal cells. (A,C,E) Representative images of pyknotic nuclei (DAPI staining in A), TUNEL, cleaved-caspase 3 (cCasp3) immunostaining in Rint1Ctrl and Rint1α–Cre retinas at E15.5. (B,D,F) Quantification of pyknotic nuclei, TUNEL+, and cCasp3+ cells in Rint1Ctrl and Rint1α–Cre retinas at E15.5. (G,H) Representative images of PCNA and TUNEL double staining and quantification of PCNA+ (arrow) and PCNA-negative (arrowhead) cells among TUNEL+ in Rint1Ctrl and Rint1α–Cre retinas at E15.5. Statistical analysis: Student’s t-test. **p < 0.01; ***p < 0.001. Error bars indicate SD. Scale bars: 50 μm. NBL, neuroblastic layer.


ATR-mediated phosphorylation of Chk1 is a hallmark of replicative stress and mediates both intra-S and G2/M checkpoints (Liu et al., 2000; Saldivar et al., 2018). To test whether RINT1 loss would lead to Chk1 activation in RPCs, we scored the proportion of phospho-Chk1 (pChk1)+ cells. An increase of pChk1+ cells was observed in Rint1α–Cre embryonic retinas (Figures 2I,J). Altogether, these findings indicate that in the absence of RINT1, RPCs accumulate endogenous DNA damage, likely during replication, and activate cell cycle checkpoints in the absence of RINT1.



Rint1 Inactivation Induces Cell Death in the Embryonic Retina

Replication-associated accumulation of DNA damage and activation of cell cycle checkpoints may induce cell death (Nowsheen and Yang, 2012; Saldivar et al., 2017), therefore we interrogated whether RINT1 loss would cause cell death in developing retina. An increase in apoptosis was observed in Rint1-deficient embryonic retinas as revealed by the quantification of pyknotic nuclei (Figures 3A,B), TUNEL+ (Figures 3C,D) and cleaved caspase-3 (cCasp3+) cells (Figures 3E,F). During mid-gestational stages of mouse retinogenesis, in addition to the expansion of progenitor pools, a proportion of the RPCs exit cell cycle and undergo cell differentiation (Agathocleous and Harris, 2009). To determine whether RINT1 loss would induce apoptotic cell death of RPCs, we performed a double staining for TUNEL and PCNA at E15.5. Approximately half of the TUNEL+ cells were PCNA+ in Rint1α–Cre retinas (Figures 3G,H), confirming that proliferating RPCs undergo apoptosis and suggesting that postmitotic cells may also die following Rint1 inactivation.



Apoptosis of Rint1-Deficient RPCs Compromises Ganglion Cell Layer Generation

Retinal ganglion cells are the first cell type to be generated during retinogenesis (Sidman, 1961; Rapaport et al., 2004). In the mouse, their birth begins around E11, peaks during mid-gestation while newborn retinal ganglion cells migrate to the ganglion cell layer (GCL) (Drager, 1985; Young, 1985; Nguyen-Ba-Charvet and Rebsam, 2020). The detection of PCNA-negative apoptotic cells in Rint1-deficient retinas may be explained by the loss of PCNA in dying progenitors or by the apoptosis of postmitotic cells after RINT1 loss. Therefore, we tested the hypothesis that Rint1-deficiency affects RPCs committed to become ganglion cells and/or postmitotic cells that migrate toward the GCL. Quantification of TUNEL+ cells in the GCL confirmed that postmitotic neurons die in Rint1-deficient embryonic retinas (Figure 4A). To examine whether RINT1 loss affects RPCs committed to differentiate into retinal ganglion cells, we performed a double staining for TUNEL and Athonal 7 (Atoh7), a master regulator of retinal ganglion cells identity and differentiation (Brown et al., 2001; Wang et al., 2001; Yang et al., 2003; Brzezinski et al., 2012). The proportion of TUNEL/Atoh7 double positive RPCs sharply increased in Rint1α–Cre retinas (Figures 4B–D). Next, we asked whether the apoptosis of postmitotic neurons and of RPCs committed to become ganglion cells in Rint1α–Cre retina affect the formation of the GCL, where ganglion cells and displaced amacrine cells reside after migration. No alteration in the number of neurons in the GCL was detected at E15.5; however, during postnatal stages, fewer neurons occupy the GCL of Rint1α–Cre retinas (Figure 4E). These findings suggest that the defective neurogenesis and optic nerve hypoplasia of Rint1α–Cre mice is caused by the apoptosis of both postmitotic neurons and committed RPCs.
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FIGURE 4. Defective genesis of retinal ganglion cell layer in Rint1-deficient retinas. (A) Quantification of TUNEL+ cells in the GCL of Rint1Ctrl and Rint1α–Cre at E15.5. (B–D) Quantification of Athonal 7+ (Atoh7) and TUNEL+ cells, and representative images of Atoh7 and TUNEL double staining in Rint1Ctrl (C) and Rint1α–Cre (D) retinas at E14.5. (E) Quantification of the total number of cells in the ganglion cell layer (GCL) in Rint1Ctrl and Rint1α–Cre retinas at E15.5 and postnatal day 0 (P0). Statistical analysis: Student’s t-test. **p < 0.01. Error bars indicate SD. Scale bar: 50 μm. NBL, neuroblastic layer.




Trp53 Inactivation Rescues Phenotypes Caused by RINT1 Loss

Whenever Rint1 was inactivated in vivo progenitor cells died causing severe phenotypes (Lin et al., 2007; Grigaravicius et al., 2016). Inactivation of DDR and DNA repair factors in neural progenitors lead to DNA damage-induced TRP53-dependent apoptosis (Frappart and McKinnon, 2007; Lee et al., 2012b). Previously, Grigaravicius et al. found evidence of TRP53 stabilization in Rint1-deficient neural progenitor cells, but the role of TRP53 was not studied. Therefore, to test whether TRP53-mediated apoptosis drives the malformations of Rint1-deficient retinas, we generated a Rint1; Trp53α–Cre mice DKO. Adult DKO retinas displayed all nuclear and plexiform layers and phenotypically resemble control retinas, indicating that Trp53 inactivation fully rescued the retinogenesis of Rint1-deficient retinas (Figures 5A–C). Quantification of pyknotic nuclei revealed that Trp53 inactivation prevented the apoptosis caused by RINT1 loss in developing retinas (Figure 5D). Finally, the DKO mice displayed a normal optomotor response, confirming that blockade of RPCs apoptosis fully rescued retina morphology and vision (Figure 5E). These findings indicate that the TRP53-mediated cell death of the Rint1-deficient neural progenitor cells drives the defective morphogenesis caused by RINT1 loss in the CNS (Figure 5F).
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FIGURE 5. Trp53 inactivation rescues apoptosis, morphological defects, and visual impairment caused by RINT1 loss. (A–C) Representative images Rint1Ctrl, Rint1α–Cre, and Rint1;Trp53α–Cre retinal tissue sections stained with DAPI (P30). (D) Quantification of the pyknotic nuclei in Rint1Ctrl, Rint1α–Cre, and Rint1;Trp53α–Cre retina at P0. (E) Behavioral optomotor response analysis in Rint1Ctrl, Rint1α–Cre, and Rint1;Trp53α–Cre mice at 4 months. (F) We propose a model in which RINT1 regulates DNA damage accumulation in RPCs. Its loss leads to Trp53-mediated apoptosis that impairs the generation of retinal ganglion cells and drives retinal malformations. Statistical analysis: One-way ANOVA followed by Tukey’s post-test. ***p < 0.001; ****p < 0.0001. Scale bar: 100 μm. c/d: cycles/degree.




DISCUSSION

Visual function relies on the coordination of progenitor cells expansion and neurogenesis during retinal development. The comprehension of the molecular basis of how physiological DNA damage affects retinogenesis is still limited and may have relevant implications for regenerative medicine. Here, we showed that RINT1 protects retinal progenitor cells against DNA damage and apoptosis in vivo. In the absence of RINT1, retinogenesis was severely affected, leading to optic nerve malformation and vision impairment as revealed by optomotor response tests. Our model of retina-specific inactivation of Rint1 suggests that retina structure and electrical function are compromised. However, further functional analysis, such as electroretinogram (e.g., flash visual evoked potentials – VEP) or pattern VEP are required to determine the exact functional deficits contributing to the decreased visual acuity. Our findings are summarized in Figure 5F.

Multiple cellular and molecular mechanisms were previously described for RINT1 (Xiao et al., 2001; Kong et al., 2006; Lin et al., 2007; Arasaki et al., 2013). In the brain, RINT1 prevents genomic instability, regulates ER/Golgi homeostasis and is required for the clearance of autophagosomes (Grigaravicius et al., 2016). Here, we show that shortly after RINT1 loss, progenitor cells committed to differentiate into ganglion cells accumulate DNA damage and undergo TRP53-mediated apoptosis. It was proposed that RINT1 and RAD50 interact and regulate G2/M cell cycle checkpoint in response to irradiation (Xiao et al., 2001), but little is known about how RINT1 prevents the accumulation of endogenous DNA damage in progenitor cells. In contrast to previous studies, our finding that fewer RPCs reached anaphase in Rint1-deficient retinas, indicate that RINT1 is not essential for the activation of functional cell cycle checkpoints in neural progenitor cells. The activation of ATR kinase in Rint1-deficient RPCs, as demonstrated by the phosphorylation of CHK1, suggests that DNA damage may arise during DNA replication. Indeed, RINT1 function is directly related to the MRN complex that is essential for the repair of DNA double strand breaks (Lamarche et al., 2010; Scully et al., 2019). More specifically, during DNA replication, the MRN complex participates in the activation of ATR, resolution of transcription–replication conflicts and replication fork restart (Duursma et al., 2013; Syed and Tainer, 2018). We hypothesize that RINT1 loss leads to replicative stress by disturbing the function of RAD50 and, thereafter, the MRN complex. In this context, we have shown that NBS1/Nbn also protects retinal progenitor cells from DNA damage and apoptosis, highlighting the importance of these pathways for neural progenitor cells homeostasis (Rodrigues et al., 2013). Studies about the mechanisms of RINT1 during replication may provide important insights of how neural progenitors control genome stability.

The consequences of defective DDR and its impact in developmental neurogenesis have been well studied in the brain. Inactivation of components of DNA replication machinery, DNA damage signaling pathways (Frappart et al., 2005; Lee et al., 2012a, b) as well as DNA repair factors (Lee et al., 2000; Frappart and McKinnon, 2007, 2008; Baranes et al., 2009) revealed different levels of CNS malformations. In contrast, even though congenital disorders caused by mutations in DDR genes exhibit retinal malformations (Lim and Wong, 1973; Erdöl et al., 2003; Bhisitkul and Rizen, 2004; Chai et al., 2009; Krzyżanowska-Berkowska et al., 2014; Sasoh et al., 2014), the impact of defective DDR in retinogenesis and visual impairment still awaits investigation. Studies about the DNA damage signaling and repair factors revealed optic nerve morphological alterations in Nbn-deficient retinas, but loss of NBN and ATM did not impact retinal neurogenesis (Baranes et al., 2009; Rodrigues et al., 2013). Consistent with the reduced cellularity of the ganglion cell layer, Rint1-deficient retinas also displayed malformation of the optic nerve. However, it cannot be discarded that defective axon growth or guidance may contribute to the described phenotype. In addition, because RINT1 loss impaired the generation of cells of the ganglion cell layer and possibly other cell types, perhaps RINT1 may have DDR-independent roles in the developing retina. Even though RINT1 was shown regulate ribosomal gene transcription (Yang et al., 2016), we do not anticipate a role of RINT1 in transcriptional networks of retinal cell types specification and propose that RPC apoptosis is a major driver of the retinal malformations. An interesting question in the field is why distinct DDR response pathways differentially affect neurogenesis. Considering that the retina is an ideal model to investigate neurogenesis, further studies may lead to a better comprehension of the relationship between DDR and neurogenesis with broad implications to the whole nervous system.

Rint1 inactivation in non-dividing postmitotic neurons of the adult cerebellum causes neurodegeneration of Purkinje cells (Grigaravicius et al., 2016). During embryogenesis, RINT1 is essential for the survival of committed RPCs (Atoh7+) and postmitotic neurons of retinal ganglion cell layer (GCL). The apoptosis of retinal cell types that compose the GCL may be due to the previous accumulation of DNA damage in RPCs before they exit cell cycle. However, genomic instability independent functions of RINT1 in early-born retinal ganglion cells may not be ruled out. In Rint1-deficient cerebellum, 35% of Purkinje cell exhibited Golgi fragmentation while less than 1% accumulated DNA damage (Grigaravicius et al., 2016), suggesting that defective DDR may have a limited contribution to the degeneration of adult cerebellar neurons. ER-Golgi homeostasis, vesicle trafficking and autophagy were also shown to be important for the survival of retinal ganglion cells during retinogenesis and optic nerve degeneration (Boya et al., 2016; Adornetto et al., 2020). Further studies will be necessary to determine whether the apoptosis of postmitotic retinal neurons may be due to the previous accumulation of DNA damage in RPCs or pleiotropic RINT1 functions in these non-dividing neurons.

The relevance of RINT1 for human diseases was highlighted by several studies. The tumor predisposition of Rint1 heterozygous mice indicated a role as tumor suppressor (Lin et al., 2007). Interestingly, genomic studies of human cancers suggested an oncogene or cancer predisposition gene function in glioblastomas, breast cancer and acute myeloid leukemia (Quayle et al., 2012; Park et al., 2014; Shahi et al., 2019; Simonetti et al., 2019). RINT1 mutations were identified in patients of the ALF multisystem developmental disorder (Cousin et al., 2019) and in patients of Lynch syndrome (Park et al., 2014), that often presents retinal pigment epithelium hypertrophy (CHRPE) (Lynch et al., 1987). While, RINT1 variants may have the potential to impact protein-protein interactions (Otterpohl and Gould, 2017), the mechanisms underlying the contributions of RINT1 to these pathologies are not yet understood. TRP53-mediated cell cycle arrest and apoptosis are common responses to DNA damage in progenitor cells (Hafner et al., 2019). Because blockade of TRP53-mediated apoptosis fully rescued retina morphogenesis and function, we propose the cell death of progenitors is key for developmental malformations caused by RINT1 deficiency. Understanding the biology of that dictates accumulation of physiological DNA damage and progenitor cells elimination is of great importance a wide range of human pathological conditions, including developmental diseases and cancer.
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FIGURE S1 | Rint1 expression and genetic inactivation in developing mouse retina. (A) Real-time RT-PCR for Rint1 in the wild-type mouse retinas at E15.5, P0, P4, P9, P15, and P60. TaqMan probes for Actb were used as loading controls (n = 3). (B) PCR analysis of the Rint1 allele recombination in P0 retinas.

FIGURE S2 | (A) Representative images of PCNA immunostaining and (B) quantification of PCNA+ cells in Rint1Ctrl and Rint1α–Cre retinas at E15.5. Scale bar: 50 μm.
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The neural crest (NC) is a transient multipotent cell population that originates in the dorsal neural tube. Cells of the NC are highly migratory, as they travel considerable distances through the body to reach their final sites. Derivatives of the NC are neurons and glia of the peripheral nervous system (PNS) and the enteric nervous system as well as non-neural cells. Different signaling pathways triggered by Bone Morphogenetic Proteins (BMPs), Fibroblast Growth Factors (FGFs), Wnt proteins, Notch ligands, retinoic acid (RA), and Receptor Tyrosine Kinases (RTKs) participate in the processes of induction, specification, cell migration and neural differentiation of the NC. A specific set of signaling pathways and transcription factors are initially expressed in the neural plate border and then in the NC cell precursors to the formation of cranial nerves. The molecular mechanisms of control during embryonic development have been gradually elucidated, pointing to an important role of transcriptional regulators when neural differentiation occurs. However, some of these proteins have an important participation in malformations of the cranial portion and their mutation results in aberrant neurogenesis. This review aims to give an overview of the role of cell signaling and of the function of transcription factors involved in the specification of ganglia precursors and neurogenesis to form the NC-derived cranial nerves during organogenesis.

Keywords: cranial nerve, peripheral nervous system, hindbrain, cell signaling, transcriptional regulatory network, trigeminal nerve, facial nerve, vagus nerve


INTRODUCTION

During the embryonic development of vertebrates, one of the main events after the gastrulation process is neurulation, which allows the formation of the neural tube (NT). The neural ectoderm generates not only the central nervous system (CNS) but also another set of cells between the NT and the non-neural ectoderm located in the most dorsal part of the NT, called the neural crest (NC) (Hall, 2008; Simões-Costa et al., 2015). This versatile and plastic cell population was first described by Wilhelm His 150 years ago (Hall, 1999). The NC is one of the most important features that separate vertebrates from other chordate organisms. It arises at the posterior and lateral borders of the neural and non-neural ectoderm, the neural plate border (Figure 1) (Cerrizuela et al., 2020).
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FIGURE 1. Neural crest origin, regions in human and mouse embryos and some of its cranial derivatives. (A) The top-left part of the scheme shows the origin of the neural crest cells (green) that migrate through the embryo. On the top-right side, the level of axial origin (see axial color key) of different regions of the neural crest is represented in developing mouse or equivalent human embryos; the migration of neural crest is represented in green inside the embryos and the direction of migration is marked with black arrows. Depending on their axial level of origin and migratory pathways, neural crest cells adopt different fates and contribute to various tissues and organs. (B) The main cranial derivatives, labeled in green, are shown. Abbreviations: d, days, E, mouse embryonic stage; NCCs, Neural Crest Cells; s, somite; St, human stage; VSMC, vascular smooth muscle cells.


NC cells (NCCs) are multipotent and give rise to several cell types, depending on the site of origin along the anteroposterior axis of the embryo. NCCs are divided into cranial, trunk (including cardiac), vagal and sacral (Figure 1A) (Minoux and Rijli, 2010; Simões-Costa and Bronner, 2013; Vega-Lopez et al., 2018). Cranial nerves (CN) transmit sensory and motor information between the brain and tissues of the head and cervical region. The CN are formed from the contribution of two specialized embryonic cell populations, cranial NC and ectodermal placodes.


Origin of the Neural Crest

NCCs, which are multipotent, delaminate from their origin and migrate throughout the body to differentiate into several cell types including cells of the peripheral nervous system (PNS), melanocytes, cranial cartilage and bone, neuroendocrine cells, and several other phenotypes (Figure 1B). In humans, at least 47 cell types have been defined as NC derivatives (Vickaryous and Hall, 2006). Proper NC migration relies on environmental cues such as Eph-Ephrins (Smith et al., 1997), Semaphorin-3F (Gammill et al., 2007), Versican (Szabó et al., 2016), the chemokine Stromal cell-derived factor 1 (Theveneau et al., 2013) or Robo2 (Shiau et al., 2008). The migration patterns of NCCs have been clearly described for model organisms like birds, frogs and mice. In all vertebrates, cranial NCCs emerge from the forebrain, midbrain and hindbrain regions (Couly and Le Douarin, 1987; Serbedzija et al., 1992). Depending on their axial origin, cranial NCCs will either migrate through the facial mesenchyme and into the frontonasal process, or will populate the branchial arches (Noden, 1975; Lumsden et al., 1991; Serbedzija et al., 1992). The sensory module of the PNS in the cranial region is composed of an array of paired ganglia adjacent to the hindbrain that transduce the perception of touch, pain, temperature, position and special sensory information from the periphery to the CNS. Cranial NCCs migrate to form sensory ganglia such as the trigeminal (V), the facial (VII), the glossopharyngeal (IX), the vagus (X) CN, and also to form the motor ganglia for the oculomotor (III) and accesory (XI) CN (Table 1 and Figures 2, 3).


TABLE 1. Contributions of neural crest cells and placodes to ganglia and cranial nerves.
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FIGURE 2. Contribution of neural crest cells to the formation of cranial nerves I, III, V, VII, VIII, IX, X, and XI. These selected cranial nerves are formed by the contribution of cranial placodes and neural crest cells, indicated in green. Neural crest-derived Schwann cells produce peripheral myelination of cranial nerves III–XII. The sensory nerves are the olfactory (I), the optic (II), and the vestibulocochlear (VIII). The motor nerves are the oculomotor (III), the trochlear (IV), the abducens (VI), and the accessory (XI). The remaining are mixed nerves.
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FIGURE 3. Gene regulatory network involved in neural crest contribution to the formation of cranial nerves. The cranial ganglia and cranial nerves are formed in precise positions along the dorso-ventral and antero-posterior axes of the midbrain/hindbrain region. (A) The drawing represents a human embryo at stage 13 (30 days, 32 somites), equivalent to mouse day 9.5-10 (E9.5-10, 20 somites) and chick stage 14 (50 h, 22 somites). The cell signaling pathways that provide developmental cues to neural crest precursors are color-coded; when these factors diffuse, the target regions are indicated with arrows with the same color. In panel (B), an idealized scheme of the hindbrain shows the cell signaling gradients and the genes that establish the dorsoventral pattern. (C) The illustration of the human (33 days, stage 14) and chick (stage 21) hindbrain rendered flat to eliminate cerebral flexures. The levels of origin of the neural crest cells (NCCs) and placodes, which contribute to the formation on cranial nerves, are indicated on the left. NCCs from the corresponding rhombomeres also populate other embryo structures in a segmental fashion and generate different craniofacial derivatives. The positions of the cranial ganglia and the otic vesicles are indicated on the right side; the contribution of NCCs is indicated in green. The segmental nested expression of HOX genes is color-coded. On the right, signaling pathways and the expression of transcription factors involved in cranial nerve (CN) formation are indicated. Adapted from Lumsden and Keynes (1989), Noden (1991), Yamamoto and Schwarting (1991), Bally-Cuif and Wassef (1995), Takahashi and Osumi (2002), and Müller and O’Rahilly (2011). Abbreviations: CN, cranial nerve; FP, floor plate; M, mesencephalon; NCCs, neural crest cells; OV, otic vesicle; r, rhombomere; PA, pharyngeal arches.


NC formation is a complex and multistep process initially directed by cell signaling molecules including Bone Morphogenetic Proteins (BMPs), Wnts (Wingless and Int-1), Fibroblast Growth Factor (FGF), and retinoic acid (RA). These signals reveal the tissue interactions into the ectodermal cell populations, the neural plate, the non-neural ectoderm, and the underlying mesoderm in a highly coordinated manner (Vega-Lopez et al., 2017). It has been proposed that NC specification occurs during gastrulation as a consequence of the action of two successive gradients of secreted signals. A combination of intermediate levels of activity of BMP and Wnt signaling acting on the ectoderm to induce and specify NC precursors at the neural plate border, and a subsequent requirement of both signals is needed for maintenance of specification during neurulation (Aybar and Mayor, 2002; Steventon et al., 2009). In chick embryos, it was shown that NCCs are specified as early as the blastula stage (Prasad et al., 2020). It was demonstrated that, during gastrulation, Pax7 expression is restricted to cells located in a region in the medial epiblast, which are NC-fated and contribute to the neural folds and later to migrating NCCs (Basch et al., 2006). The inhibition of Pax7 function in chicks inhibited the expression of key NC markers such as Snai2 (OMIM 602150), Sox9 (Sry-box 9, OMIM 608160), Sox10 (OMIM 602229), and HNK1 (beta-1,3-glucuronyltransferase 1 like, OMIM 151290) (Basch and Bronner-Fraser, 2006). This evidence suggests that the neural plate-prospective ectoderm interaction at the neural plate border might not be a requisite for NC specification or induction, and that neural plate border formation and NC induction might be separable events.

The various research works carried out to study the origin of NCCs have identified genes organized into a gene regulatory network that participate in and control the induction, specification and differentiation of NC (Simões-Costa et al., 2015). An example of this are the transcription factors involved in induction such as FoxD3 (Forkhead Box D3, OMIM 611539), Snai2 and Sox9 (Sauka-Spengler and Bronner-Fraser, 2006). García-Castro and co-workers identified a novel pre-neural border state characterized by early Wnt/β-catenin signaling targets that displayed different responses to BMP and FGF signaling from the neural border genes in human cells (Leung et al., 2016). These pre-border genes Gbx2 (Gastrulation brain homeobox 2, OMIM 601135), SP5 (OMIM 609391), Zic3 (OMIM 300265) and Zeb2 (OMIM 605802) had their induction and peak of expression before the classical neural plate border specifier genes such Msx1/2 (Muscle segment-related homeobox 1/2, OMIM 142983/123101), Pax3/7 (OMIM 606597/167410) and Zic1 (OMIM 600470). Such specifier genes, together with signaling molecules, direct the expression of NC-specific genes like AP-2 (OMIM 107580), FoxD3, Snai2, Sox9, and Sox10. Specifiers regulate NC effector genes involved in migration (Sox9, Sox10, Cad7) and differentiation [Col1a, (Collagen, type I alpha, OMIM 120150); Ngn1 (Neurogenin 1, OMIM 601726); Mitf (Microphthalmia-associated transcription factor, OMIM 156845)] in human NC development (Betters et al., 2010). The NC population migrates to different regions of the mouse embryo from the NT after the epithelial-mesenchymal transition, maintaining its multipotential character until completing differentiation in its final destination (Baggiolini et al., 2015).

To study the ontogeny of the NC, different model organisms, both in vivo and in vitro, have been used. Several proteins including transcription factors as well as epigenetic modifiers that take part in the specification and differentiation of the NC have been described. The study of transcription factors and of the signaling pathways in which they participate is important to understand the differentiation programs and how these multipotent cells are committed to a specific destination. On the other hand, transcriptome analysis during the development of the NC from specification to migration (Meulemans and Bronner-Fraser, 2004), and a more recent study covering the migration to the differentiation of the NC, show the importance of the interaction between the different transcription factors and the signaling pathways at every stage of NC development (Simões-Costa et al., 2015). However, these authors acknowledge that it is difficult to have a complete global map since only a few transcriptional regulators have been characterized, and little is known about the function of the products of the effector genes acting on NC migration (Betancur et al., 2010; Simões-Costa and Bronner, 2013; Vega-Lopez et al., 2017).

NC and cranial placodes are thought to appear together during the evolution of vertebrates to give rise to specific sensory structures of the head (Northcutt and Gans, 1983; Northcutt, 2005). The components of the sensory nervous system of the head are derived from the NC and from an embryonic cell population developing in close proximity, the cranial sensory placodes (the olfactory, lens, otic, trigeminal, epibranchial and paratympanic placodes). A series of events induce, develop and organize these cell precursors which, through reciprocal interactions with NCCs, build the functional sensory system in vertebrates (Steventon et al., 2014; Singh and Groves, 2016). Migrating NCCs arrive first at the site of ganglia development (i.e., the trigeminal ganglion), but the differentiation of these cells is delayed until the migration and differentiation of the corresponding placodal cells in chicks (Covell and Noden, 1989). Placodal specification and development, as well as its contribution to the assembly of placodal derivatives, is a complex and wide-ranging topic that is beyond the scope of this review. We will focus on discussing the main signaling pathways and relevant transcription factors involved in the specification of cranial NCCs precursors, their differentiation to form CNs and ganglia that are exclusively NC-derived, and the alterations caused by the mutations of certain genes that are important for the neurogenesis of NC derivatives.



SIGNALING PATHWAYS INVOLVED IN CRANIAL NEURAL CREST DEVELOPMENT

There are several signaling pathways and transcription factors that are known to regulate NC and CN formation during development. We discuss some important pathways involved in cranial NCCs induction and specification, in close relationship with the cranial ganglia and nerves derived from the NC (Figure 3).


BMPs

Bone morphogenetic proteins are proteins that control several important steps in the formation and differentiation of the CNS of vertebrates. These proteins act in different regions of the CNS to regulate fate, proliferation and differentiation. After gastrulation, the presence of BMPs and the activation of this signaling pathway are essential for the differentiation of the non-neural ectoderm whereas the inhibition of this pathway is required for the proper formation of the neural plate. It has been proposed that the later activation of BMPs receptors participates in the induction of the NC through a very fine regulation where the presence of BMPs at a specific time will give rise to the NC in mouse and human Embryonic Stem Cells (ESCs) (Figure 3B) (Mizuseki et al., 2003; Leung et al., 2016).

Seminal studies in Xenopus have shown that there is an activity gradient of BMPs controlled by their antagonists and that an intermediate level is needed to induce the formation of the NC (LaBonne and Bronner-Fraser, 1998; Marchant et al., 1998; Barth et al., 1999; Tribulo et al., 2003). Thus, the BMP antagonists Chordin (OMIM 603475) and Noggin (OMIM 602991) are expressed in a spatio-temporal manner that influences the formation of the NC. In mouse, at embryonic day (E) 8.0, Noggin is expressed in the neural folds and in the dorsal region after the closure of the NT. The expression of Chordin is low at the level of the neural plate and in the paraxial mesoderm. These antagonists participate in the induction of NC as well as in delamination, but also protect from apoptosis induced by BMP during migration and differentiation of NCCs. Importantly, it was observed that the decrease in the expression of these BMP antagonists alters the PNS derived from the NC and craniofacial skeletal elements. Noggin knockout mice presented all cranial nerves, but the vagus (X) and glossopharyngeal (IX) are disorganized and fused. Double-knockout mice of Noggin and Chordin lack CN and only a structure similar to the trigeminal ganglion (V) is present (Anderson et al., 2006). In the chick embryo, the activity of BMP signaling during the formation of NC precursors is modulated by CKIP/Smurf factors through the regulation of Smad degradation, resulting in intermediate levels of BMP activity required for proper NC formation (Piacentino and Bronner, 2018). In contrast, placode progenitors have differential BMP signaling requirements as they can be specified under low or no BMP signaling (Thiery et al., 2020).

A study of human ESCs (hESC) showed that if BMPs are blocked with Noggin for 24 h on days 0, 1, or 2 of the differentiation protocol, there is a dramatic decrease in the induction of human NCCs. However, if the inhibition is made on day 3, the inhibition is partial, so the participation of BMPs at the beginning of the induction of the NC is very important, while the inhibition of this pathway promoted the expression of neural genes such as SOX1 (OMIM 602148), HES5 (OMIM 607348), and SOX2 (OMIM 184429) (Leung et al., 2016). This protocol produced sensory peripheral neurons, and it will be of interest to investigate if such neurons can contribute to the sensory CN after grafting them in experimental animals, as well as the effect of modulating BMPs on peripheral neuron differentiation. Interestingly, BMP antagonism upregulates these neural stem cell markers, but several reports indicated that Sox1, Hes5, and Sox2 are involved in the suppression of neuronal differentiation by maintaining neural stem and progenitor cells in an undifferentiated state in mammalian cells (Kan et al., 2004; Bani-Yaghoub et al., 2006). The generation of neurons from stem cells depends on the decrease of Sox1-3 expression caused by proneural proteins. However, if Sox1-3 target genes were repressed, independently of proneural activity, neural progenitor cells differentiated prematurely, and some neuronal features emerged. These results demonstrate a dual role of proneural proteins in the acquisition of a definitive neuronal fate and indicate that the proneural protein-directed repression of Sox1-3 expression is a required and irreversible step in the commitment to neuronal differentiation in several species, including mammals (Guillemot, 1999; Farah et al., 2000; Bylund et al., 2003).

BMP4 (OMIM 112262) and Smad proteins have been involved in an interesting mechanism called retrograde signaling in trigeminal ganglia from rats (Ji and Jaffrey, 2012). This mechanism elicits a specific transcriptional response that contributes to the specification of different subpopulations of sensory neurons in the trigeminal ganglia (CN V). As axons from the neurons of trigeminal ganglia grow and extend into their three main peripheral axonal branches (ophthalmic, maxillary and mandibular) that innervate the corresponding regions of the face, they encounter BMP4, which results in a retrograde signal that leads to transport back transcription factors SMAD-1, -5, and -8 from axons to the somata, where nuclear accumulation of the phosphorylated and transcriptionally active Smad forms contributes to neuronal specification and ganglia patterning (Nohe et al., 2004; Ji and Jaffrey, 2012). BDNF (Brain-Derived Neurotrophic Factor, OMIM 113505) signaling was also found to regulate axonal levels of SMAD-1, -5, and -8 in concert with BMP4, for patterning of the trigeminal ganglia (Ji and Jaffrey, 2012).



Hippo Pathway

Genetic studies have demonstrated that Hippo signaling is crucial in organ size regulation, controlling cell number by modulating cell proliferation and apoptosis processes (Huang et al., 2005). Hippo is a critical factor for proliferation and epithelial-mesenchymal transition during embryonic development and cancer. In the neural tube of the mouse, chicken, and frog, YAP (Yes-Associated Protein, OMIM 606608) is expressed in the ventricular zone progenitor cells and co-localizes with the neural progenitor cell marker Sox2 (Milewski et al., 2004; Cao et al., 2008). It has been observed that the ectopic expression of one of the transcriptional regulators of this pathway, TAZ (Transcriptional Coactivator With PDZ-Binding Motif, OMIM 607392) in mammalian cells, stimulates cell proliferation, reduces the inhibition by contact and promotes the epithelial-mesenchymal transition (Lei et al., 2008).

A relationship between this signaling pathway and the classical NC genes, such as interaction with Pax3 is through TAZ and the phosphoprotein YAP65. These proteins participate as co-activators of Pax3. It has been suggested, using transgenic mice, that Tead2 (TEA Domain Family Member 2, OMIM 601729) is an endogenous activator of Pax3 in NCCs (Milewski et al., 2004). Through expression assays, Pax3 and Yap65 were co-localized in the nucleus of NC progenitors in the dorsal region of the NT. Hippo/TAZ/YAP are critical for Schwann cell proliferation and differentiation in a stage-dependent manner. Nuclear TAZ/YAP complexes activate cell cycle regulators to promote Schwann cell proliferation while directing differentiation regulators in cooperation with Sox10 for myelination in rodents (Deng et al., 2017).

Neurofibromatosis 2 (Nf2, OMIM 101000) is a tumor suppressor that inhibits YAP during dorsal root ganglia (DRG) development. Merlin, encoded by the NF2 tumor-suppressive gene, was identified through genetic studies in mouse embryos and proved to be an important upstream regulator of the Hippo-Yap pathway. Neurofibromatosis is an inherited disease characterized by the development of bilateral Schwann cell tumors originated from CN VIII. Mouse with specific Schwann cell-inactivated Nf2 alleles developed schwannomas and SC hyperplasia (McClatchey et al., 1998; Giovannini et al., 1999, 2000). Merlin has also been shown to act as a suppressor of mouse neural progenitor proliferation, by inhibiting TAZ/YAP pathway activity (Lavado et al., 2013). The mechanism by which Merlin regulates YAP activity might involve p21 Protein-activated kinase 1 (PAK1, OMIM 602590) activation, which induces phosphorylation of Merlin, thus abrogating its scaffold function for YAP and LATS1/2 (OMIM 603473/604861), and thereby attenuates YAP phosphorylation by LATS1/2 in mouse cells (Sabra et al., 2017); it has been suggested that nuclear export signals of Merlin mediate YAP nuclear export in epithelial mammalian cells (Furukawa et al., 2017).

Hindley and co-workers investigated the role of Hippo/YAP signaling in NC development and neural differentiation. They showed that the activity of YAP promotes an early NC phenotype accompanied by premature migratory behavior, and that Hippo/YAP interacts with RA signaling in hESCs (Hindley et al., 2016). A recent study demonstrates that YAP is necessary for the migration of a premigratory pool of NCCs, since they incorporated YAP signaling into a BMP/Wnt-dependent molecular network responsible for the migration of trunk-level NC in avians (Kumar et al., 2019).



Notch Signaling

Notch is a family of conserved receptors whose activation is induced by specific ligands, Delta-1 (OMIM 606582), Delta-3 (OMIM 602768), Delta-4 (OMIM 605185), Jagged-1 (OMIM 601920), and Jagged-2 (OMIM 602570), through interaction with four possible receptors (Notch1-4) (Perdigoto and Bardin, 2013). Once the Notch receptors are activated through the cell-cell interaction, proteolytic cuts are carried out resulting in the release of the Notch Intracellular Domain (NICD) (Mumm et al., 2000). NICD translocate to the nucleus and forms a transcriptional complex together with the DNA binding protein CBF1 (C promoter binding factor 1, OMIM 147183). This complex recognizes the specific sequence (C/T)GTGGGAA in its target genes, for example Hes1 (OMIM 139605) (Kageyama et al., 2000).

Notch1 receptor is present during development of the rhomboencephalon at E9.5 in mice, showing strong expression within the hindbrain, including the trigeminal, geniculate, petrosum and nodose placodes, which give rise to CN V, VII, IX and X, respectively, and is also expressed in the otic and olfactory vesicle (Reaume et al., 1992). A study where human induced pluripotent stem cells were induced toward NC differentiation showed that when Notch signaling is blocked using a γ-secretase inhibitor (DAPT) or shRNA for JAGGED-1, the genes specifying NC [DLX5 (Distal-less homeobox 5, OMIM 600028), PAX3, SNAI2, SOX10, and TWIST1 (OMIM 601622)] are down-regulated. However, the ectopic expression of NICD1 increased its expression, demonstrating that Notch also participates significantly in NC induction (Noisa et al., 2014). Mead and Yutzey evaluated the function of Notch signaling in murine NC-derived cell lineages in vivo. They demonstrated that cell-autonomous Notch has an essential role in proper NCCs migration, proliferation and differentiation, with critical implications in craniofacial, cardiac and neurogenic development (Mead and Yutzey, 2012).



Sonic Hedgehog

Sonic Hedgehog (Shh) signaling is involved in the correct development of NC and therefore in the generation of its cellular derivatives (Figure 3B). Shh is a member of the family of the secreted Hedgehog proteins: Sonic (Shh, OMIM 600725), Indian (Ihh, OMIM 600726), and Desert Hedgehog (Dhh, OMIM 605423). Shh regulation during NC differentiation is crucial during head and face morphogenesis. Mutant mice and humans lacking Shh present holoprosencephaly and cyclopia due to the lack of separation of the forebrain lobes (Chiang et al., 1996). It is suggested that Shh inhibition maintains Pax3 expression, so the lack of Shh-mediated regulation for Pax3 induction promotes the constitutive induction of NC, generating the aforementioned phenotypes. A subset of Fox genes regulated by Shh signaling is important during lip morphogenesis in mice. Either Shh addition or Foxf2 (OMIM 603250) overexpression was shown to be sufficient to induce cranial NCCs proliferation (Everson et al., 2017).

On the other hand, enhanced Shh signaling in mouse, mediated by loss-of-function (Ptch1Wig/Wig) of the Shh receptor Patched1 (Ptch1, OMIM 601309), suppressed canonical Wnt signaling in the CN region. This critically affected the survival and migration of cranial NCCs and the development of placodes, as well as the integration between NC and placodes (Kurosaka et al., 2015). Ptch1Wig/Wig mutants exhibited severely disorganized trigeminal (CNV) and facial nerves (CNVII) that did not develop properly and failed to project to their appropriate target tissues (Kurosaka et al., 2015). High levels of Shh signaling have been correlated with Moebius Syndrome, which is characterized by cranial nerve defects including trigeminal, abducens (CNVI) and facial alterations concurrent with other craniofacial defects (Verzijl et al., 2003; Vega-Lopez et al., 2018). NCCs migration is particularly sensitive to Shh levels since in mice lacking Shh, these cells continue their migration beyond the normal position and fuse medially, condensing into a single midline ganglion (Fedtsova et al., 2003). Mutation in the mouse Hedgehog acyltransferase (Hhat, OMIM 605743) gene produced hypoplasia and aberrant fusion of cranial ganglia (CN V, VII, IX, and X) and affected NC and placode gene markers expression, suggesting that a regionalized action of the Hedgehog signaling is required for proper cranial ganglia and nerve development and patterning (Dennis et al., 2012). In vitro analyses showed that Shh increased the number of cranial NC progenitors, from quail embryos, yielding neural and mesenchymal lineages. Shh can decrease the neural-restricted precursors without affecting survival or proliferation. These data also suggest that the mesenchymal-neural precursor was able to yield both the PNS and superficial skeleton (Calloni et al., 2007).



Receptor Tyrosine Kinase (RTK) Family

Humans have 58 known RTKs, which fall into 20 subfamilies. A few years ago, a systematic work summarized the contribution of the mouse model to the understanding of the role of a subset of RTKs in regulating the activity of NCCs in development (Fantauzzo and Soriano, 2015). With respect to its downstream signaling, RTKs induce the activation of various pathways, including PLC-γ, PI3K, MAPK, JNK, Shc, Erk, and the JAK/STAT pathways. In this section, we discuss insights pointing to mechanisms of action of some RTK families in relation to the development of the cranial NC that have emerged from recent evidence.


Eph Receptors

Ephrin ligands and Eph (erythropoietin-producing human hepatocellular carcinoma) receptors comprise an increasingly well studied family of signaling molecules. Ephrins bind to two families of transmembrane tyrosine kinase receptors, EphA and EphB. While A-type Ephrins preferentially bind to EphA receptors, B-type Ephrins do so to EphB receptors. In Xenopus, the streams of NCCs going to the second branchial arch express Ephrin-B2, whereas cells reaching the third arch express EphB1; disruption of Eph-Ephrin signaling results in aberrant migration of NCCs, causing mixing of the streams in the branchial pouches (Smith et al., 1997). Eph receptor functions are best characterized in the mouse nervous system, where they are involved in neuronal development and axon guidance (Wilkinson, 2001; Xu and Henkemeyer, 2012), migration and proliferation (Conover et al., 2000; Holmberg et al., 2006; Jurek et al., 2016) as well as inflammation (Coulthard et al., 2012).

The Ephrin ligand/Eph receptor proteins are widely expressed in embryonic tissues. Eph receptors participate in the development of several NC-derivatives in mouse: teeth and the establishment of tooth nerves (CN V) (Luukko et al., 2005; Stokowski et al., 2007; Arthur et al., 2009; Diercke et al., 2011; Matsumura et al., 2017) and participate in cochlear innervation patterns (Zhou et al., 2011). Eph receptors play a role in mouse segmentation and boundary formation of the developing hindbrain, which results in the formation of rhombomeres (r), which are crucial for the orderly formation of CN and specification of NCCs (Flenniken et al., 1996; Flanagan and Vanderhaeghen, 1998; Merrill et al., 2006; Mellott and Burke, 2008; Klein, 2012). Mouse EphA5–/– (OMIM 600004) had only <15% of the normal complement of Gonadotropin-releasing hormone neurons in the brain (Gamble, 2005). This also produced infertility in adult female homozygous GNR23 mice, providing a causal link between Ephrin-related mutations and human hypogonadotropic hypogonadism such as Kallman syndrome. It has been shown through genetic labeling that a fraction of GnRH neurons are derived from NCCs (Forni et al., 2011).

A key step in epigenetic control of expression is gene silencing by hypermethylation of CpG islands present at promoter regions (Nakao, 2001). Both specific enzymes and methyl-CpG-binding proteins (MBPs) play a major role in the epigenetic control of gene expression through the recognition and binding to methylated DNA, as well as by the recruitment of remodeling complexes (Defossez and Stancheva, 2011). During development, EphA5 receptor controls the axonal mapping of retinal ganglion cells in the visual system (Zhou, 1997). Recent findings showed site-specific differences in methylation of CpG islands in the EphA5 promoter, which could account for the activation or repression of this promoter and might influence the graded EphA5 expression in the mesencephalic tectum (Petkova et al., 2011). During mouse embryonic development, high levels of EphA5 protein were also found in cranial nerve ganglia V, VIII, X, and XII (Cooper et al., 2009). Therefore, it seems reasonable to speculate that this epigenetic methylation may regulate the neurogenesis of these cranial nerves as it does in the myencephalic region.



EGFR/ErbB Receptors

The Epidermal Growth Factor Receptor (EGFR, OMIM 131550) and the related ErbB (v-erb-b2 avian erythroblastic leukemia viral oncogene B) proteins transduce after EGF (OMIM 131530) binding. ErbB2–/– (OMIM 164870) mice die around midgestation due to cardiac defects. Cranial ganglia are also morphologically aberrant and these embryos show an altered pattern of ErbB3 (OMIM 190151) staining (Meyer and Birchmeier, 1995; Erickson et al., 1997; Britsch et al., 1998; Garratt et al., 2000). ErbB3 mutant mice embryos die at a later stage as they have reduced numbers of Schwann cell precursors derived from NCCs and therefore lack cranial ganglia nerves, caused by the death of around 80% of both motor and sensory neurons (Riethmacher et al., 1997). Chick NCCs from the hindbrain and ectodermal cells from placodes, participate in the development of cranial ganglia (D’amico-Martel and Noden, 1983; Le Douarin et al., 1986). A chemical mutagenesis screen in Sox10-reporter mice identified an amino acid substitution in the extracellular portion of ErbB3 that resulted in alterations in homozygotic mutants similar to those reported in ErbB3 knock-outs (Buac et al., 2008).

ErbB4 (OMIM 190151) null mouse die at mid-gestation, at E11, due to cardiac defects (Gassmann et al., 1995). In order to overcome this lethality, ErbB4 mutant mice were engineered to express ErbB4 only in the heart. The embryos survived, but presented aberrant cranial nerve architecture, such as ectopic nerve projections of trigeminal (V) and facial (VII) ganglia (Tidcombe et al., 2003). These results suggested the participation of ErbB4 in the control of NCCs migration and axon extension. ErbB4 (alongside Ephrin) is expressed in r3 while one of its ligands, Neuregulin 1 (OMIM 142445), is expressed in r2 and r4 (Golding et al., 2000, 2004).



FGF Receptors

Fibroblast growth factor signaling is composed of 22 members, although only eighteen FGFs signal via FGF Receptor (FGFR) interactions (FGF1–10 and 16–23). There are seven signaling receptors, encoded by four FGFR genes, FGFR1–4 (Zhang et al., 2006). FGFs exert their cellular effects by interacting with FGFRs, but FGF-FGFR complexes can only be formed in the presence of heparan sulfate (Pellegrini et al., 2000; Schlessinger et al., 2000). FGFRs, a class of RTK, dimerize and undergo transphosphorylation of the kinase domain upon ligand binding. Four signaling pathways can be activated to transduce intracellularly: MAP Kinase (MAPK), PI3K/AKT, PLC-γ, and STAT (Ornitz and Itoh, 2015).

In mice, FGF signaling is necessary for cell survival during the development of tissues, including the embryonic telencephalon and the mid-hindbrain junction (Sato et al., 2004; Zervas et al., 2005; Paek et al., 2009). In zebrafish and chick, FGF3 (OMIM 164950) and FGF8 (OMIM 600483) emanating from r4 are both necessary and sufficient to promote the development of the adjacent r5 and r6 by regulating the expression of transcription factors including Krox20 (Maves et al., 2002; Walshe et al., 2002; Waskiewicz et al., 2002; Wiellette and Sive, 2003; Hernandez et al., 2004; Aragón et al., 2005; Labalette et al., 2011).

Fibroblast growth factor activating FGFR-2(IIIb) (OMIM 176943) at placodal sites (Pirvola et al., 2000), and RA, primarily associated with NC-derived mesenchyme (LaMantia et al., 2000), modulate multiple aspects of sensory neuronal differentiation, including cranial sensory neuron survival, neurogenesis and cranial nerve differentiation. FGFR-2(IIIb) knock-in mouse shows severe dysgenesis of the cochleovestibular membranous labyrinth and sensory patches of the vestibulocochlear ganglion (CN VIII) remain small and poorly developed (Pirvola et al., 2000).

MBD1 (Methyl-CpG-binding domain protein 1, OMIM 156535)-null neural stem cells display impaired neurogenesis and increased genomic stability. A possible mechanism is the direct binding of MBD1 to the hypermethylated promoter region of the important neural growth factor FGF2. In agreement, MBD1 loss-of-function induces the FGF2 promoter hypomethylation, thus increasing its expression in mouse adult neural stem cells, which prevents differentiation (Li et al., 2008). Ma et al. showed that Gadd45b (Growth arrest and DNA damage-inducible gene 45 beta, OMIM 604948) could induce demethylation in promoters of several genes that participate in mouse neurogenesis, including Bdnf (region IX) and FGF1 (promoter B, OMIM 131220) (Alam et al., 1996). Interestingly, attenuated dendritic growth was found in Gadd45b knock-out mice after electro-convulsive treatment, compared to wild-type animals, indicating that Gadd45b is required for DNA demethylation in adult neurogenesis (Ma et al., 2009). Whether or not these mechanisms are shared in NC differentiation to CN is an interesting research topic.



PTK7 Receptors

Protein tyrosine kinase 7 (PTK7, OMIM 601890), also named Colon Carcinoma Kinase 4 (CCK4) and Kinase-Like Gene (KLG) in chicken, is the only member of this RTK family (Jung et al., 2002). PTK7 null mice die perinatally (Lu et al., 2004). Interestingly, Chuzhoi mice, which are homozygous for an ENU-induced splice site mutation in the PTK7 gene, also die perinatally and similarly to null individuals, exhibit severe neural tube closure defects, have abnormal NCCs distribution and display altered morphology of cranial ganglia and DRG, cardiac outflow tract and ventricular septal defects (Paudyal et al., 2010). PTK7 regulates NC migration via β-Catenin-independent Wnt signaling, and it has been shown that ROR2 (RTK-like orphan, OMIM 602337) is capable of replacing PTK7 function in this process (Podleschny et al., 2015). The human PTK7 gene has a promoter with 420-bp-long CpG islands (Jung et al., 2002), but epigenetic regulation is unclear at this point.



Trk Receptors

Trks (tropomyosin-related kinases) receptors are a subfamily of TRKs activated by neurotrophins (McDonald and Hendrickson, 1993; Murray-Rust et al., 1993). Three types of Trks receptors have been identified during vertebrate development: TrkA (OMIM 191315), TrkB (OMIM 600456) and TrkC (OMIM 191316), activated by NGF (OMIM 162030), BDNF/NT-4 (OMIM 162662) and NT-3 (OMIM 162660), respectively (Hempstead et al., 1991).

The mouse deficiency of NT-3 (Huang et al., 1999), TrkA, TrkB or TrkC (Lewin and Barde, 1996) causes variable loss (39–82%) or decrease of nociceptors and low-threshold mechanoreceptors in the trigeminal ganglion (CN V). TrkB has been found to directly interact with ErbB2 (also known as Her2) for signal transduction in human cells (Choy et al., 2017). Mouse TrkB and p75NTR (OMIM 162010) serve as co-receptors of Ephrin-A (Lim et al., 2008; Marler et al., 2008; Barton et al., 2014). Trks have been detected in all classes of PNS neurons with the notable exception of parasympathetic neurons of the ciliary ganglion. With regards to sensory neurons, TrkA is expressed only in DRG and other neural crest-derived ganglia, whereas TrkB and TrkC are expressed to some extent in all sensory ganglia. During embryogenesis, up to 70% of DRG neurons express TrkA but this number declines to around 40% in the adult rat. Co-expression in a single neuron of two members of the Trk family is common, e.g., in adult rat DRG few cells express TrkB alone, while the combinations TrkA + TrkB or TrkB + TrkC are more common (McMahon et al., 1994; Lindsay, 1996). TrkB expression is Ca2+ dependent in mouse cortical neurons (Kingsbury et al., 2003), but thyroid hormone T3 down-regulates the expression of TrkB through a negative response element located downstream of its transcription initiation site, during the development of rat brain (Pombo et al., 2000). TrkB was shown to be transcriptionally repressed by Runx3, a Runt domain transcription factor, in mouse and human cells (Inoue et al., 2007).

BDNF and NGF signals emanating from chicken sensory ganglia stimulate cranial motor axon growth (Li et al., 2020). MeCP2 (Methyl-CpG-Binding Protein 2, OMIM 300005) acts with REST/NRSF (Re1-Silencing Transcription factor/Neuron-Restrictive Silencer Factor, OMIM 600571) to recruit Histone Deacetylases, causing a decrease in the expression of BDNF. On the other hand, MeCP2 is released from the BDNF promoter in mouse neurons as a consequence of membrane depolarization, thereby allowing its transcription (Ballas et al., 2005; Zhou et al., 2006). Neuronal activity promotes MeCP2 phosphorylation at specific sites, which differentially changes its binding to gene promoters such as BDNF, a step that is decisive for proper neuronal development and synaptic plasticity in mice (Na and Monteggia, 2011).



VEGF Receptors

Vascular endothelial growth factor receptors (VEGFRs) are important in the formation of the vascular system during embryonic development. The mammalian VEGFR are three related type III RTKs known as VEGFR1, VEGFR2, and VEGFR3. These receptors, which bind to VEGF ligands, consist of five glycoproteins referred to as VEGFA, VEGFB, VEGFC, VEGFD and placenta growth factor (PlGF) (Ferrara et al., 2003). The transmembrane protein neuropilin 1 (NRP1, OMIM 602069) is essential for the patterning of the facial nerve (VII) in mouse, as it binds the secreted Semaphorin SEMA3A (OMIM 603961) to guide facial branchiomotor axons in invading the second branchial arch. However, NRP1 can also be activated by the VEGF isoform VEGF164 to control the position of facial branchiomotor neuron cell bodies within the chick hindbrain (Anderson et al., 2003; Schwarz et al., 2004). Cranial NCCs express VEGFR2 and its co-receptor NRP1 as they migrate from the hindbrain at the level of r4 to invade pharyngeal arch 2 in response to chemoattraction by VEGF also in chicken (McLennan et al., 2010).



Wnt Signaling

Wnts proteins are secreted glycoproteins that participate in a wide variety of cellular processes in development and disease. Binding of Wnts to receptors composed of Frizzled and Lrp5/6 triggers a canonical pathway that results in the stabilization of β-catenin (OMIM 116806), which otherwise is phosphorylated by GSK3β (OMIM 605004) and undergoes constant degradation by the proteasome. Stabilized β-catenin interacts with TCF to activate the expression of target genes (Nusse and Clevers, 2017). Non-canonical signaling pathways are associated with Wnts, namely the Planar cell polarity in Drosophila and the Wnt/Ca2+ pathway in vertebrates. The latter involves at least two branches: Ror1/2 activation of Phospholipase C, associated with Wnt binding to Frizzled receptors, produces IP3 and DAG, which increases cytoplasmic Ca2+ concentrations; the second mechanism is the direct activation of Ror1/2 by Wnts, resulting in increases in cytoplasmic Ca2+, which activates Calpain (De, 2011). The interaction of Wnt with other signaling pathways, e.g., with the Smad pathway, has been demonstrated in hESCs (Menendez et al., 2011). An efficient method was described for the generation of NCCs from human pluripotent stem cells through the sustained activation of Wnt signaling combined with low Smad signaling, accomplished by the inhibition of the Activin/Nodal pathway. After 12 days, this constant inhibition of Smad considerably inhibited the formation of CNS Pax6 (OMIM 607108)-positive cells and increased the percentage of cells positive for the low affinity neurotrophin receptor, p75NTR, which is expressed in the migratory NC (Heuer et al., 1990; Wislet et al., 2018). Within the population of p75 positive cells, authors found cells with intermediate levels of p75, but positive for Pax6; in contrast, the cell population that expresses high levels of p75 was positive for Ap-2α (OMIM 107580), characteristic of NCCs (Menendez et al., 2011). Whether or not a chronic inhibition of Smads has a similar effect in vivo remains to be tested.

The activities of genes that influence the morphogenesis of the head are related to Wnt signaling through the expression of Wnt antagonist proteins, the main one being Dkk1 (OMIM 605189). Loss of expression of Dkk1 promotes an ectopic activation of Wnt/β-catenin signaling during gastrulation. Using in vivo assays, it was demonstrated that Dkk1 and Wnt3a (OMIM 606359) are regulated in a negative feedback loop. In agreement with this, 51% of double heterozygous mice for Dkk1 and Wnt3a showed reduced forebrain while 30% were normal. A small percentage of mice had malformations of eyes and pharyngeal arches as well as defects in the trunk. Therefore, regulation of Wnt signaling participates in the formation of the head but also in several mouse NC derivatives, although there are other pathways and transcription factors involved in the morphogenesis of the head (Lewis et al., 2008).

The canonical Wnt pathway prominently participates in the induction, lineage specification, delamination and differentiation of NC derivatives (Figure 3B). Differentiation into several cell types of the mouse NC is dependent on the sequential activation of Wnt signaling, which indicates that the decision of the cellular differentiation is regulated by the activation state of Wnt/β-Catenin (Hari et al., 2012). In vitro, Wnt/β-Catenin signaling centrally participates during differentiation to NC, inducing transcriptional factors that are expressed before factors expressed in neural borders, such PAX3, PAX7, MSX1, and TFAP2A. These pre-border transcriptional regulators are GBX2, SP5, ZIC3 and ZEB2 (Leung et al., 2016). In the case of Gbx2 and its role in CN formation, the initial characterization of Gbx2 mutants in mice demonstrated defects, specifically the absence of the trigeminal nerve (CN V) (Byrd and Meyers, 2005). In addition to the several transcription factors that are important in the induction and specification of NC, there are some proteins, such as Heat Shock Proteins, that participate in these processes. An example of this is the heat shock binding protein 1 (HSBP1). A study in mouse and zebrafish showed that HSBP1 participates in both the pre-implantation status of the blastocyst and the development of the NC. This was demonstrated by the deletion of HSBP1, where its absence promoted a cell arrest or degeneration before reaching the blastocyst stage. With respect to NC, mice deficient in Hsbp1 showed an increase in the expression of inducers of NC, Snai2, Tfap2α and FoxD3, suggesting that HSBP1 has a potential role in the Wnt pathway (Eroglu et al., 2014). The participation of Heat Shock Proteins in neuronal differentiation to form CN has not been explored yet and, given the importance of Wnt signaling for NC, represents an area of opportunity. Some of the functions associated to molecules in NC development are summarized in Table 2.


TABLE 2. Cues required for development of NCCs are NC-derived cranial nerves.
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RELEVANT NEURAL CREST-EXPRESSED TRANSCRIPTION FACTORS REQUIRED FOR NEUROGENESIS AND FOR THE FORMATION OF CRANIAL NERVES AND GANGLIA


bHLH Family


Hand2

The basic helix-loop-helix (bHLH) DNA binding protein Hand2 (dHand, Thing-2, Hed, OMIM 602407) is expressed in a subset of NC-derived cells where it participates in various aspects of cell specification, lineage segregation, and cell type-specific gene expression (Hendershot et al., 2007, 2008). Loss of Hand2 results in embryonic lethality by E9.5. In order to study the role of Hand2 in NC, a specific deletion of Hand2 was engineered by crossing floxed Hand2 mice with Wnt1-Cre transgenic mice. Hand2 knock-out in NC-derived cells caused severe effects on development in all NC-derived structures and tissues where Hand2 is expressed. In the autonomic nervous system, conditional interruption of Hand2 function results in a marked and progressive loss of neurons concomitant with a loss of Tyrosine Hydroxylase (TH) expression in mice (Hendershot et al., 2008). There are few studies tackling the importance of Hand2 in NC development and differentiation and none about its importance in CN formation.



Hes Family

The Hes genes are homologs of the Drosophila hairy and Enhancer of Split gene. The Hes family is composed of seven members, Hes4 being absent in the mouse genome. Hes genes encode nuclear proteins that repress transcription, either actively or passively (Kageyama and Ohtsuka, 1999). These genes have conserved domains that confer the transcriptional function to all Hes factors. The bHLH domain contains the DNA binding site and the dimerization region. Hes factors can form homo- and heterodimers with Hes-related bHLH repressors, such as Hey factors, Mash1 (OMIM 100790), E47 and Ids. The Orange domain regulates the selection of the bHLH heterodimer, and the WRPW Groucho-binding domain at the C-terminus consists of a tetrapeptide Trp-ArgPro-Trp that represses transcription. This sequence also acts as a polyubiquitination signal for the degradation of Hes by the proteasome (Akazawa et al., 1992; Sasai et al., 1992; Ohsako et al., 1994; Kobayashi and Kageyama, 2014). The Hes transcription factors are essential effectors of Notch signaling that regulate the maintenance of progenitor cells and the time of their differentiation into various tissues and organs (Kageyama and Ohtsuka, 1999). Hes1 (OMIM 139505) is a negative regulator of neural differentiation, since it represses the expression of pro-neural genes such as Mash1, Neurogenin-2 (OMIM 606624) and Math. Mice deficient for Hes1 show a severe neural hypoplasia due to accelerated neural differentiation and the consequent depletion of neural precursor cells (Ishibashi et al., 1995). In agreement with the above, Hatakeyama and co-workers demonstrated that the absence of Hes1 and Hes5 caused severe alterations in the size, shape and cytoarchitecture of the mouse CNS. They also found that in Hes1;Hes5 double-mutant mice, the cranial and spinal nerve systems were also severely disorganized, pointing to dysregulation of these NC derivatives (Hatakeyama et al., 2006). These results indicate that Hes1 and Hes5 play an important role in the formation of both CN and spinal nerves.



Id Proteins

Id proteins are inhibitors of DNA binding and cell differentiation; four members of this family have been described, Id1-Id4. They are negative regulators of bHLH transcriptional factors that are involved in various processes such as neurogenesis, hematopoiesis, myeloid differentiation, and bone morphogenesis, among others. It has been reported that gene expression of Id is present in undifferentiated cells, highly proliferating cells, embryonic cells and cancer cells (Roschger and Cabrele, 2017). One of the Id proteins, Id2 (OMIM 600386), directs the ectodermal precursors to NC commitment and neuronal differentiation. It is expressed in the trunk and in cranial folds, and therefore also in cranial NCCs. The ectopic expression of Id2 in chick promoted a switch of ectodermal cells to NC fate. Overexpression of Id2 increases growth and causes premature neurogenesis in the dorsal region of the NT (Martinsen and Bronner-Fraser, 1998). Conversely, loss of Id2 in mice caused a decrease in newborn neurons while increasing the number of astrocytes (Havrda et al., 2008). It was recently shown that Id2a expression decreased in the forebrain, midbrain and hindbrain as a consequence of blocking Mecp2 expression with a morpholino oligonucleotide. This was consistent with the activation of Notch signaling in such morphants. Mechanistically, in Mecp2 morphants, her2 (the zebrafish ortholog of mammalian Hes5), was upregulated in an Id1-dependent manner (Gao et al., 2015).



Neurogenins

In avian and mammalian embryos, the proneural transcription factors Ngn1 and Ngn2 are expressed in NCCs during migration previous to their neuronal differentiation into sensory neurons. In mouse embryos, the functional inactivation of both Ngn genes led to a total absence of neurons of the DRG (Ma et al., 1999; Perez et al., 1999). In zebrafish, blocking with a morpholino for Ngn1 leads to a complete loss of neurons in the cranial ganglia and DRG neurons (Andermann et al., 2002; Cornell and Eisen, 2002). Recently, McGraw et al. (2008) demonstrated in zebrafish that, in the absence of Ngn1, the sensory neuron-restricted lineage of NC gives rise only to glial cells.



Homeodomain Family


Hox Transcription Factors and Their Regulators

Hox genes play a central role in NC patterning, particularly in the cranial region (Figure 3C). These genes are essential for specifying segmental identity in the developing brain in several vertebrate species. The mechanism responsible for Hox genes expression at higher relative levels in specific rhombomeres is independent of the process that establishes the axial expression patterns found in the neural tube. Hox genes are organized into four distinct clusters (Hoxa-Hoxd) located on different chromosomes in higher vertebrates (McGinnis and Krumlauf, 1992).

It has been long proposed that the Hox “collinear expression” is the result of a unidirectional chromatin opening from 3′ to 5′ during development (Lewis, 1978; Duboule and Dollé, 1989; Graham et al., 1989). As a result of collinearity, Hox genes expressed in the hindbrain are from paralog groups 1–4. Members from groups 5 to 13 have anterior boundaries of expression which map to the spinal cord (Nolte and Krumlauf, 2007). Hox paralog group 1 genes have been suggested to influence early cranial NC development through NCC precursors by interacting with factors in the neural plate border or NC specification modules, although direct gene interactions remain to be determined. The expression of Hox paralog groups 2–4 genes in mouse cranial NCCs is modified by Hox auto- or cross-regulation in addition to other inputs from NC transcription factors such as AP-2 in the case of Hoxa2 (Parker et al., 2018).

Hoxa1 (OMIM 142955) mouse null mutants die at birth from anoxia and exhibit marked reductions in the sizes of r4 and r5, hypoplasia of the inner ear and specifically in CNIII. The embryonic phenotype is characterized by the absence of facial nerve and abducens motor nerve (Lufkin et al., 1991; Chisaka et al., 1992). In agreement, a homozygous truncating mutation of HOXA1 in humans causes severe congenital cardiovascular malformation, craniofacial and inner-ear defects, as well as brainstem abnormalities (Tischfield et al., 2005; Bosley et al., 2008).

Hoxb1 (OMIM 142968) loss-of-function mouse mutants exhibit alterations in the molecular markers associated with r4 identity, although no overt changes in the anatomy of the developing hindbrain are present (Goddard et al., 1996; Studer et al., 1996). These and previous results demonstrate that Hoxb1 has a normal role in regulating rhombomere identity, and also participates in controlling migratory properties of motor neurons in the hindbrain. In Hoxb1 mutant animals, the facial branchiomotor neurons (CNVII) and contralateral vestibular acoustic efferent (CNVIII), which are specific to r4, are incorrectly specified (Goddard et al., 1996; Studer et al., 1996). Hoxb1 deficiency in mouse also results in facial paralysis due to developmental defects in CNVII, originating from r4 (Figure 3C). In mouse lacking both Hoxa1 and Hoxb1 expression, the migration and development of NCCs derived from r4 fail, causing the loss of all second arch derivatives (Rossel and Capecchi, 1999; Arenkiel et al., 2004). These Hoxa1/Hoxb1 double mutants exhibit a wide range of phenotypes, which are not present in each of individual mutants, demonstrating that specification of r4 cell precursors and patterning of the CN VII-XI strongly requires cooperation between these 2 genes (Gavalas et al., 1998; Studer et al., 1998).

Hoxa2 (OMIM 604685) is the only member of the Hox family expressed in r2; this fact explains why Hoxa2 null mutations in mouse result in homeotic changes transforming second arch elements of NC origin into first arch derivatives, which was correlated with perinatal lethality. Patterning of the hindbrain rostral region also depends on Hoxa2 activity for the establishment of r2 identity and influencing the migration of trigeminal motor axons (CN V) originated from r2/3. In mutant embryos, this CN V, normally derived from r2/3, migrates caudally to exit the hindbrain from r4, the normal site for facial nerve (CN VII), rather than from r2. Hoxa2 is required for the maintenance of EphA4 (OMIM 602188) as its expression results selectively abolished in Hoxa2 mutants (Rijli et al., 1993). The loss of Hoxb2 (OMIM 142967) in mouse embryos results in impaired development of the facial nerve, CN VII, affecting its somatic motor component (Bailey et al., 1997).

Hoxa3 (OMIM 142954) null mutant mice show mesenchymal NCCs defects in the formation of CN IX and also fusions between CN IX and X. In addition, Hoxa3–/– mouse are athymic, aparathyroid, and have malformations in cartilage of the throat (Chisaka and Capecchi, 1991; Manley and Capecchi, 1995, 1997). Hoxb3–/– (OMIM 142966) embryos revealed similar cranial ganglia defects, but at a lower penetrance than in the Hoxa3 mutants (Manley and Capecchi, 1997). Hoxb3/Hoxd3 (OMIM 142980) double mutants have a clear increase in the presence of aberrant ganglionic phenotypes in CN IX compared to those reported in the Hoxb3 single mutant, even though the Hoxd3–/– does not show defects in these structures (Manley and Capecchi, 1998).

In conclusion, Hox patterning genes are crucial for NC development by interacting with signaling pathways that induce NC, but also to regulate expression of several genes involved in these essential cell and developmental processes. Some studies have shown that Polycomb group proteins are decisive in epigenetic silencing Hox genes by promoting changes in the chromatin structure. Dynamic patterns of histone modifications and 3D chromatin organization are also relevant regulators of Hox gene expression and function (Boyer et al., 2006; Bracken et al., 2006; Lee et al., 2006; Noordermeer et al., 2011). The transcription factors Krox20 (OMIM 129010) and Kreisler (OMIM 608968), as well as the vitamin A derivative RA are the three main upstream regulators of Hox gene expression during hindbrain development.

The transcription factor Krox20 binds to specific DNA sequences located at 5′ flanking region of Hoxa2, Hoxb2, Hoxb3, and EphA4 genes, to directly control their expression (Lemaire et al., 1988; Nardelli et al., 1991). Targeted mutation of Krox20 in mouse embryos causes perinatal death and fusions of the trigeminal ganglia with facial and vestibular ganglia as a consequence of alterations on hindbrain patterning and morphogenesis. Krox20 is expressed in r3 and r5 at E8.0 in mouse embryos (Wilkinson et al., 1989; Schneider-Maunoury et al., 1993, 1997; Swiatek and Gridley, 1993; Nieto et al., 1995).

Kreisler expression, first detected at E8.5 in the prospective r5 region and later located in r5 and r6, is sharply downregulated afterward in these rhombomeres (Cordes and Barsh, 1994). Gene expression analyses in Kreisler mutant embryos and regulatory regions strongly pointed that this transcription factor could directly control the expression of genes required for inner ear and hindbrain development, in particular Hoxa3 and Hoxb3, which increase its expression in r5 and r6 (McKay et al., 1997; Manzanares et al., 1999). The primary defect in Kreisler mutant mouse embryos is an alteration in segmentation at the otic region of the hindbrain, resulting in defective rhombomeres since the borders that normally separate r4, r5, and r6 disappear. Consequently, in r6 important alterations are detected: the normal expression domains of FGF3 and CRABP1 (OMIM 180230) are lost, and Hoxa3 is not upregulated (Frohman et al., 1993). Although Krox20 expression in the prospective r3 is conserved, it is absent in r5. Similarly, the expression of Hoxb2, Hoxb3, and Hoxb4 in r5 are completely abolished. The expression pattern analysis of EphA7 and EphrinB2 indicates that only a single region that would correspond to r5 is absent. Thus, loss-of-function of Kreisler causes a segmentation defect which results in the precise loss of r5 patterning; furthermore, although the r6 territory forms, it fails to mature (Manzanares et al., 1999).

RA is a morphogen derived from Vitamin A (retinol) that reaches the cell nucleus after diffusing through cell membranes to act on histone acetylation and mediates transcriptional activation of target genes. RA is another important regulator of NC development. As mentioned earlier, Hox gene expression patterns specify AP identity in the hindbrain and this is transferred to NC migration (Briscoe and Wilkinson, 2004; Simkin et al., 2013). The “collinear pattern” of Hox gene expression in the hindbrain is partially dependent on RA control. Cellular retinoid-binding proteins (CRBPs) participate in controlling RA concentration locally, and hence facilitate its function. CRBPs might sequester RA and thus limit its availability to bind nuclear RA receptors (RARs and RXRs) that recognize a particular element on target genes, the RARE sequence (Mangelsdorf et al., 1992; Mangelsdorf and Evans, 1995). Members of the Hox family that harbor RAREs include Hoxa1, Hoxb1, Hoxa4 (OMIM 142953), Hoxb4 (OMIM 142965), Hoxd4 (OMIM 142981), and Hoxb5 (OMIM 142960) (Kesseland and Gruss, 1991; Langston and Gudas, 1992; Marshall et al., 1992, 1994; Studer et al., 1994; Dupé et al., 1997; Gould et al., 1998; Packer et al., 1998; Pera et al., 1999; Power et al., 1999).

Vitamin A-deficient pregnant rats were produced by feeding dams with low levels of all-trans RA. Such embryos presented loss of CN IX, X, XI, and XII and the associated sensory ganglia IX and X, as well as perturbations in hindbrain segmentation and otic vesicle development (White et al., 2000). These embryos have Hoxb1 protein in the NT, but caudal to the r3/r4 border at a time when its expression should be present only in r4, suggesting that RA is essential for neurogenesis, patterning, and segmentation in the posterior hindbrain. Neuron navigator 2 (Nav2) was first identified as an RA-responsive gene required for RA-mediated neurite outgrowth or survival of CN IX and X (McNeill et al., 2010). Nav2–/– mouse embryos showed an overall reduction in neurofilament density in the region of CN V to XII.

It was recently found that YAP (a Hippo signaling transcriptional co-activator, see above) regulates the expression of Hoxa1 and Hoxc13 in mouse oral and dental epithelial tissues as well as in embryonic and adult epidermal tissue (human keratinocytes) (Liu et al., 2015). Since Yap transcript was detected in the rhombencephalon and dorsal NT and also in NCCs that migrate from the dorsal region of the NT to the pharyngeal arches, Yap could regulate the activity of the Hoxa1 gene expression in the hindbrain.



Msx Family

The muscle segment-related homeobox (Msx) genes belong to the homeodomain family. These genes code for transcriptional factors with repressor activity. Proteins with homeodomains have various functions during embryonic development, from the formation of expression patterns to more specific functions such as differentiation toward a specific cell type (Catron et al., 1995). Msx genes are expressed in a range of vertebrate-specific tissues including NC, cranial sensory placodes, bones, and teeth (Davidson, 1995).

In vertebrates, there are three members of this family, Msx1-3; Msx1, and Msx2 being the best characterized ones with respect to their expression pattern and biochemical properties (Bendall and Abate-Shen, 2000). Msx1 and Msx2 are expressed in various regions of the mouse embryo such as the NT, in the primordial limbs and in derivatives of the cranial NC (Catron et al., 1996). The expression of Msx1 and Msx2 marks the area from which the cranial NC will migrate. Msx genes participate in the early specification of NCCs and in the control of apoptotic process under the control of BMP signaling (Tribulo et al., 2003, Tribulo et al., 2004; Ishii et al., 2005).



Pax Family

Pax genes, which encode transcription factors that contain a highly conserved DNA binding domain called PD, can be considered as the broad regulators of gene expression since they can repress pluripotency genes such as Oct4, Nanog and Myc, or induce the expression of genes involved in the differentiation of NC such as Snail1 and FoxD3. There are nine Pax genes (Pax1-Pax9), which have been characterized in mammals. There is a great diversity of studies on Pax genes in the early specification of cell fate and in the morphogenesis of various tissues and organs. The important participation of Pax genes in NC induction is discussed next. Pax3 participates in the early ontogenesis of the NT and NC; it is expressed in pre-migratory NCCs. The loss of Pax3 generates severe defects in embryonic development, leading to embryonic death (Goulding et al., 1991). A study in mouse evaluated the participation of the Wnt signaling pathway in the regulation of Pax3. It was demonstrated that the Wnt pathway induces expression of Pax3 indirectly, using Cdx1 as an intermediary that binds the PD domain of Pax3 (Sanchez-Ferras et al., 2012).

On the other hand, transcriptional enhancers are primary determinants of the specific gene expression of a cell type. Recently, an NC enhancer-2 (NCE2) in the 5′ region of Pax3 was identified as a cis regulatory element that is dependent on Cdx as a cofactor. Pax3 and Zic2 are expressed in the dorsal region of the NT when it closes. Therefore, the inductive Cdx-Zic2 interaction is integrated by NCE2, allowing the specific binding of the neural transcription factor Sox2 (Buecker and Wysocka, 2012; Sanchez-Ferras et al., 2014). This shows that not only NCE2, but also the transcription factor Zic 2 participate in the regulation of Pax3. Such data suggests that Zic2 is involved in NC induction as an activator of Pax3-NCE2 and as a Cdx co-factor. Mouse Pax3 mutants (Sp and Spd alleles) additionally exhibit malformations of ganglia of the PNS. The importance of Pax3 in the development of NC-derived structures has been shown, especially with respect to cranial ganglia and nerves. In the homozygous state, Sp and Spd alleles impair the development of the trigeminal (CN V), superior (CN IX), and jugular (CN X) ganglia, suggesting that the function of Pax3 is crucial for NC migration and proliferation, as well as for its differentiation into neurons capable of sending out axons (Tremblay et al., 1995). In Xenopus and zebrafish embryos, Pax3 has been proposed as a key player in the gene regulatory network as a neural plate border specifier controlling early specification of NCC (Hong and Saint-Jeannet, 2007; Minchin and Hughes, 2008; Milet et al., 2013).

Another crucial Pax gene in NC formation is Pax7, which has been described as necessary for NC development in birds. Pax7 is required for the expression of NC markers such as Sox9, Snai2, HNK1 and Sox10 (Basch and Bronner-Fraser, 2006). In human embryos, Pax7 is expressed in the dorsal NT and in cells of the migratory NC at early stages. In mouse, Pax7 is expressed in the rostral region, which includes a subpopulation of presumptive NC precursors. Pax7 contributes more to the formation of cranial lineages than to the cardiac or trunk regions. The expression of Pax7 is extensive, since it is detected in mesencephalon, rhombencephalon, dorsal NT, fronto-nasal region and NCCs that migrate from the dorsal region of the NT to the pharyngeal arches (Betters et al., 2010; Murdoch et al., 2012). A mutation of Pax7 (isoform 3) was recently found in patients, causing a phenotype of neurodevelopmental delay during development and promoting microcephaly, irritability and self-mutilation among others symptoms (Proskorovski-Ohayon et al., 2017). Therefore, Pax7 is a crucial gene in the induction of NC and in its migration.



Phox2b

Paired-like Homeobox 2b (Phox2b, OMIM 603851) is a transcription factor known to play a key role in the development of the autonomic nervous system. Phox2b is expressed in differentiating neurons of the mouse central and PNS as well as in motor nuclei of the hindbrain. Phox2a (OMIM 602753) and Phox2b are co-expressed at multiple sites, suggesting a broader role for Phox2 genes in the specification of autonomic neurons and cranial motor nuclei. The co-expression of these Phox proteins at various sites suggested positive crosstalk (Pattyn et al., 1997). Mash1 has been demonstrated to control the expression of Phox2a (but not of Phox2b) in autonomic ganglionic precursors and NC-stem cells (Lo et al., 1998), while Phox2b is required for the maintenance but not for the induction of Mash1 expression (Pattyn et al., 1999). Epistatic analyses have shown that, in cranial ganglia development, Phox2b is a downstream effector of Phox2a (Pattyn et al., 1999). The mutant Phox2bLacZ/LacZ mouse showed atrophic cranial ganglia formation that correlated with increased apoptotic cell death and decreased Ret and DBH expression in ganglionic anlages (Pattyn et al., 1999). The effect of the Phox2b null mutation on cranial ganglia cells was a phenotypical change on their molecular transcriptional signature to Tlx3+/Islet+/Phox2b–/Phox2a–/Brn3a+ profile, which means that the sensory neurons present in the cranial nerves VII, IX, and X change to a somatic sensory neuron-like, thus highlighting the role of Phox2b as a molecular switch that commands the somatic-to-visceral phenotype in the cranial sensory genetic cascade (D’Autréaux et al., 2011). Many cranial nerve-associated NCCs co-expressed the pan-autonomic determinant Phox2b and markers of Schwann cell precursors. Such cranial NCC precursors are the source of parasympathetic neurons during normal development (Espinosa-Medina et al., 2014). In humans, PHOX2B over-expression has been linked to the formation of tumors arising from the sympathetic nervous system such as neuroblastomas. Heterozygous PHOX2B mutations cause Congenital Central Hypoventilation Syndrome, a life-threatening neurocristopathy characterized by the defective autonomic control of breathing and involving altered CO2/H+ chemosensivity (Cardani et al., 2018; Vega-Lopez et al., 2018).



Otx Genes

Otx1 and Otx2 genes are the mouse cognates of the Drosophila head gap genes. Orthologs have also been identified in human, chick, Xenopus and zebrafish. Otx2 may act as a key head organizer during the primitive streak stage. At subsequent neurula to pharyngula stages, those genes participate in the patterning of the forebrain and midbrain. The haplo-insufficiency mutation of Otx2 in the mouse affects the mandible and pre-mandibular skull elements, as well as the ophthalmic branch of the trigeminal nerve, and the differentiation of mesencephalic trigeminal neurons, all of which correspond to derivatives originated from mesencephalic NC (Puelles and Rubenstein, 1993; Matsuo et al., 1995). In chick and Xenopus embryos, Otx2 establishes cross-regulatory interactions with Gbx2 during the early specification of placodal precursors; by mutual repression, both genes pattern the territory, segregating trigeminal progenitors (Steventon et al., 2012). Additionally, Gbx2 is expressed early in the preplacodal region of Xenopus embryos and is required for NCCs formation as an effector of Wnt signaling (Li et al., 2009).



Sox Family

The proteins encoded by the Sox genes belong to the superfamily of the High Mobility Group transcriptional factors that bind to the DNA sequence (A/T)(A/T)CAA(A/T)G. They have a DNA binding domain of 80 amino acids. Based on phylogenetic analyses of their domains, Sox genes are divided into subgroups A-H in mouse (Bowles et al., 2000). Some are transcriptional activators, others are repressors, and a third group lacks the transactivation domain.

The subgroup of SoxE genes (Sox8, Sox9 and Sox10) has a prominent participation in NC differentiation. In mouse, Sox9 and Sox10 are among the first expressed genes in the NC progenitors overlapping with FoxD3 (Hong and Saint-Jeannet, 2005). A study showed that the defects in the expression of this subgroup affects many lineages of the NC, so these genes are important regulators in the formation of this multipotent population (Kelsh, 2006). However, it is not known if SoxE genes are also involved in NC induction in the mouse. Knock-out mice for Sox9 show expression of Snai1 in the NC; nevertheless, these cells undergo apoptosis either before or immediately after migrating, which suggests that Sox9 participates in the epithelial-mesenchymal transition, before delamination (Cheung et al., 2005).

Sox10 is a protein that participates in maintaining multipotency in NCCs; it also contributes to proliferation and inhibits differentiation, so this transcriptional factor is expressed in the pre-migratory progenitor cells of the NC and its expression decreases at the beginning of the differentiation process (Kim et al., 2003). Several studies have shown that Sox10 controls the fate of the NC by activating critical genes for the differentiation of different cell types such as melanocytes, Schwann cells, autonomic and sensory neurons in different species (Mitfa, ErbB3, Phox2b, Mash1, and Ngn1, respectively) (Britsch et al., 2001; Elworthy, 2003; Kim et al., 2003; Elworthy et al., 2005; Kelsh, 2006). Sox10 is regulated by post-translational modifications. For example, changes in the state of SUMOylation affect its function, because it regulates interactions with different proteins and promotes the activation of different genes. Sox10 expression can be regulated by multiple enhancer elements such as U3, known as MCS4. The stimulation of the U3 enhancer activity promoted Sox10 transcription, which had a synergistic activity with other transcriptional factors involved in NC development, including Pax3, FoxD3, AP-2α, Krox20, and Sox2 (Taylor and LaBonne, 2005). Sox10 can be self-regulated as well as regulated by synergistic interactions during NC development (Wahlbuhl et al., 2012).



Zic Family

Zic genes are transcription factors with zinc fingers that contribute to different processes during embryonic development (Aruga et al., 1998). It has been proposed that Zic1-3 participate in lateral segmentation, NC induction and inhibition of neurogenesis (Nagai et al., 1997; Nakata et al., 1997). This gene family consists of five members, Zic1-Zic5 in the mouse. Zic genes are co-expressed in some cells during embryonic development, which gives the opportunity for heterogeneous protein-protein interactions and/or functional redundancy among family members. Zic2 (OMIM 603073) is expressed in the cells of the inner mass of the blastocyst and is required for the synchronization of neurulation. Zic2 mutants showed delayed production and decreased numbers of NCCs. Zic2 is also necessary for the formation of r3 and r5 and participates in the normal pattern of the mouse rhombencephalon (Elms et al., 2003).

Mouse homozygous mutants of Zic1 exhibit ataxia during development and die within the first month after birth. These mutants also show a hypoblastic cerebellum and absence of the anterior lobe (Elms et al., 2003). In Zic mutants, the expression of Msx1 in the region of the dorsal NT was not altered; however, its expression was lost in this region when the NT was closing, suggesting that signals from the floor plate are required for the maintenance of dorsal expression (Sanchez-Ferras et al., 2014). Zic5 (OMIM 617896) is expressed in the dorsal part of the NT and its mutation in humans produces holoprosencephalia, a severe brain malformation. A decrease in Zic5 promotes insufficient NT closure in the rostral-most part, which was also observed with Zic2 (Inoue et al., 2004). Zic2 mutant embryos showed affected CN V, VII and VII (Elms et al., 2003).

Deficient Zic5 mice show malformations of the facial bones derived from the NC, mainly the mandible, due to decreased generation of NCCs. During embryonic stages, there were also delays in the development of the first branchial arch and extension of the trigeminal and facial nerves. On the other hand, deletion of Zic2 promotes congenital malformation of the brain and digits in humans (Inoue et al., 2004). Cranial NCCs are also known to contribute to the development of the PNS. In both mutants, a reduction in the axonal projections from the trigeminal and facial ganglions was reported. These findings suggest that cephalic NC derivatives are selectively affected in these mutants (Inoue et al., 2004).



CONCLUSION

Some of the most relevant pathways and genes involved in CN formation are represented in Figure 3 and Table 2. Gene regulation during embryonic development as well as during induction, specification, delamination, migration, survival and differentiation of the NC is a very complex process that leads to a strict expression of genetic information. A remarkable conservation of many genes, signals and mechanisms between different vertebrate organisms, but also its repeated use at different places and times in NC development and cranial nerve/ganglia formation, contributes to the complexity of these processes. Adequate transduction of the signals is equally important for the development and differentiation of each of the cell types derived from the NC. The integration of knowledge from the various studies on such signaling pathways and the different types of proteins that participate in the sequential processes as well as their post-translational modifications will lead to a better understanding of neurogenesis and cranial nerve formation. The microenvironment in which these cells develop is of great importance in order to understand the mechanisms involved in proper NC induction and CN development.
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Accumulating studies have indicated that propofol may lead to neurotoxicity and its effect on neural stem cells (NSCs) may play pivotal role in propofol-related neurotoxicity. Previously, we found that propofol could promote NSCs proliferation and could regulate several microRNA expressions. However, the underlying mechanism between microRNAs and NSCs development after propofol exposure is still unclear. Our data first observed that rat primary neural stem cells exposed to propofol exhibited a cell cycle arrest status and an inclination to differentiate into GFAP+ or S100β+ cells. This phenomenon was accompanying with a lower miR-124-3p expression and could be reversed via overexpression miR-124-3p in NSCs. Using bioinformatic predictions and luciferase assay we confirmed that Sp1 (Specificity Protein 1) is the target gene of miR-124-3p, indicating that miR-124-3p may regulate NSCs development through Sp1. Further, knockdown of Sp1 rescue the effect of propofol on NSCs differentiation. Finally, we demonstrated that Sp1 could bind cdkn1b promoter region through chromatin immunoprecipitation assay, indicating that Sp1 affect NSC’s cell cycle through cdkn1b directly. Overall, our study highlights the miR-124-3p/Sp1/cdkn1b axis to be important in propofol interfering the differentiation of NSCs.
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INTRODUCTION

Propofol is utilized worldwide as an intravenous anesthetic due to its rapid onset and minimal negative postoperative effects (Glen, 2018). However, propofol is still an off-label choice in most clinical pediatric practices (Chidambaran et al., 2015). The current dilemma is that there is a lack of evidence to support the safe use of propofol and there are a growing number of pre-clinical studies attributing neurotoxicity and neurogenic impairment to propofol (Krzisch et al., 2013; Bosnjak et al., 2016; McCann and Soriano, 2019).

It has been suggested that propofol can disrupt neurogenesis by modulating apoptosis, proliferation, or the differentiation of neural stem cells (NSCs) (Zou et al., 2013). The potential mechanisms underlying these effects include regulation of the caspase-3 cascade (Karen et al., 2013), calmodulin-dependent protein kinase II, or microRNAs (miRNAs) (Hebert and De Strooper, 2009; Liang et al., 2019). However, the roles of miRNAs in the dysfunction of NSCs following propofol exposure are not fully understood.

miRNAs are enriched in the nervous system and are key post-transcriptional regulators within neurodevelopment (Hebert and De Strooper, 2009; Liu and Xu, 2011). miR-124 is abundantly expressed in the brain where it participates in a complex relationship within central nervous system functions and disorders (Sun et al., 2015). During embryonic neurodevelopment, miR-124 is essential for cell survival in the cortex and loss of miR-124 results in neuronal apoptosis (Sanuki et al., 2011). Moreover, loss of miR-124 in the neural crest cells results in apoptosis of sympathetic ganglia and midbrain dopaminergic neurons (Huang et al., 2010). At the early postnatal stage, miR-124 triggers the outgrowth of mossy fibers in the dentate gyrus (Sanuki et al., 2011). While in the adult brain, miR-124 functions as an important regulator of the transition from transit amplifying cells to neuroblasts during neurogenesis in the subventricular zone (Cheng et al., 2009). These investigations suggest that the temporal and spatial equilibrium of miR-124 is crucial to the development of NSCs.

Previously, ourselves and others have demonstrated the ability of propofol to perturb the development of NSCs (Krzisch et al., 2013; Tao et al., 2013; Qiliang et al., 2016). Once lineage progression is initiated, NSCs acquire properties of differentiated cells, such as fate specification and specific morphologies. This switch requires potent regulators such as miRNAs, transcription factors, and RNA-binding proteins, in order to modulate the expression of multiple gene networks. Through bioinformatic analyses, Marcia et al., reported that miR-124 can regulate neurogenesis by targeting specificity protein 1 (Sp1) (Santos et al., 2016). Sp1 is a zinc finger structural transcription factor involved in cell cycle progression (Billon et al., 1999; Opitz and Rustgi, 2000; Cen et al., 2008), development, and differentiation (Palazuelos et al., 2014; Lee et al., 2020). Studies have identified that up-regulating Sp1 in mesenchymal stem cells could decrease neuronal differentiation (Mondanizadeh et al., 2015), whilst down-regulation could reduce the proliferation and neuronal production of NSCs during neurogenesis (Santos et al., 2016). However, there is still no direct evidence that miR-124 can target Sp1 in NSCs.

In the current study, we provide direct evidence that miR-124 can directly interact with Sp1 to regulate the differentiation of NSCs. Moreover, our study demonstrates that propofol exposure alter the differentiation of NSCs via a miR-124/Sp1/cdkn1b axis.



MATERIALS AND METHODS


Culture of NSCs and Propofol Exposure

All experimental procedures were approved by the Southern Medical University Administrative Panel on Laboratory Animal Care, and experiments were conducted in accordance with the guidelines of Animal Use and Care of Southern Medical University. NSCs were harvested from both the cortices and hippocampi of Sprague–Dawley rat embryos on embryonic day 16–18 (E16-E18). Briefly, the brain tissue was collected and dissociated mechanically into single cells. To form neurospheres, cells were cultured in NSC basal medium (Millipore, United States) containing basic fibroblast growth factor 20 ng/mL (R&D, United States), then incubated at 37°C and 5% CO2. After 3–5 days in culture, neurospheres of 150–200 μm in diameter were digested into single cells using Accutase (Millipore, United States) and suspended to a density of 5 × 105 cells/ml. Cells were then plated on poly-L-ornithine and laminin-coated plates (Sigma-Aldrich, United States) in NSC basal medium for 2–3 days. The culture medium was then replaced with fresh and Dulbecco’s Modified Eagle’s medium (DMEM)/F12 containing 2,6-diisopropylphenol (propofol; Sigma-Aldrich) at a final concentration of 50 μM in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, United States) (Li et al., 2018). The same volume of DMSO was added to the control group. Cells were treated for 6 h prior to differentiation.



NSCs’ Differentiation

To induce differentiation of NSCs, cells were grown for 3 days in DMEM/F12 and 10% FBS. NSCs were stained for neuronal and glial cell markers using mouse anti-β-tubulin III (1:300 dilution; Proteintech; China; Cat# 66375-1-Ig; RRID: AB_2814998) and rabbit anti-GFAP (1:300 dilution; Abclonal; China; Cat# A14673, AB_2761548), respectively.



Immunocytochemistry

Fluorescent staining of nestin using rabbit anti-nestin (1:200 dilution; ABclonal; China; Cat# A0484; AB_2757216) was to identify NSCs. And fluorescent staining of anti-β-tubulin III and anti-GFAP (mentioned above) was performed to confirm NSC differentiation. Briefly, cells were washed once with phosphate-buffered saline (PBS), fixed for 30 min in 4% paraformaldehyde (Solarbio, China) at 37°C, and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 10 min. After three 5 min washes with PBS, the cells were blocked with 1% bovine serum albumin (BSA; Solarbio, China) for 1 h at room temperature. Cells were incubated overnight at 4°C with primary antibodies (diluted in 1% BSA). The cells were washed three times with PBS-Tween-20 (0.1% v/v) and were incubated for 1 h at room temperature with fluorescently labeled secondary antibodies including FITC-conjugated goat anti-rabbit IgG [(1:100 dilution; Bioss; China; Cat# bs-0295G-FITC; AB_10894349], Cy3 conjugated goat anti-mouse IgG ((1:100 dilution; Bioss; China; Cat# bs-0296G-Cy3; B_10892835), Cy3-conjugated goat anti-rabbit IgG (1:100 dilution; Bioss; China; Cat# bs-0295G-Cy3; AB_10892956) and DyLight 405 goat anti-mouse IgG antibody (1:100 dilution; Abbkine, United States; Cat# A23110; AB_2721248). After washing, cells were counterstained with DAPI and analyzed using laser-scanning confocal microscopy (Olympus, Japan). Cell numbers in culture were counted in 5 fields per well (center and at 3, 6, 9, and 12 o’clock positions) and summed for the entire well. The percentage values of each positive cells were calculated based on the sum of two positive cells. Four duplicated wells in each group from five independent experiments were analyzed. All results were confirmed by 2 researchers using double-blind method.



MicroRNA Target Prediction and Screening

MiRWalk2.01, a collection of predictions and experimental verifications of miRNA-targets (Dweep and Gretz, 2015) was used in the current study to predict the target of miR-124-3p. Target mRNA with predicted binding sites for miR-124-3p were identified using the following databases: miRWalk, miRanda, miRDB and TargetScan. The bioinformatics data was analyzed using the DAVID Bioinformatics Resources 6.82 (Huang da et al., 2009) for Gene ontology enrichment. Venn diagrams were generated using online tools3.



Luciferase Reporter Assay

HEK293T cells were seeded at 50% confluence 24 h prior to transfection. Wild-type (WT) or mutant (MUT) Sp1 3′-UTR reporter constructs were co-transfected along with an miR-124-mimic or negative control (NC) using Lipofectamine 2000 (Invitrogen). At 48 h post-transfection, luciferase assays were performed using a Dual-Luciferase Reporter assay system (Promega United States) according to manufacturer‘s instructions and analyzed on a multi-plate reader (BioTek, United States). Relative light units were calculated by the ratio of Renilla to firefly luciferase activity. The control psiCHECK-2 plasmid that carried the 3′-UTR region of Sp1 gene was used to normalize to and correct non-specific effects. Three technical replicates were performed for each condition.



miR-124-3p Overexpression

To determine the effects of miR-124 on the cells, they were transfected with 50 nM of an miR-124-3p mimic (Genepharma) or/NC with Lipofectamine 2000 reagent (Invitrogen, United States) according to the manufacturer’s instructions.



RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from primary NSCs using TRIzol reagent (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. Total RNA (1 μg) was used to synthesize cDNA using a PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, China). miRNAs were isolated using RNAiso (TaKaRa, China) according to manufacturer’s instructions. miRNA (5 μg) was polyadenylated and used to synthesize cDNA using a MirX miRNA First Strand Synthesis kit (Clontech, Japan). Expression of mRNA and miRNA was determined by quantitative real-time PCR (qRT-PCR) using the TB Green Premix Ex Taq II (TaKaRa, China) and MirX miRNA qRT-PCR SYBR Kit (Clontech, Japan), respectively. qRT-PCR was performed on the ABI 7500 system (Applied Biosystems, United States). β-actin and U6 expression was quantified as internal controls for mRNA and miRNA analysis, respectively. The primers sequences used in these analyses can be found in the (Supplementary Table 1). The results of the analyses were calculated and expressed according to an equation (2–ΔΔCt) which provides the amount of the target, normalized to an internal reference. Ct is a threshold cycle for target amplification. Each biological sample was tested in triplicate.



Lentiviral Vector Transduction

NSCs were transduced with Sp1 short-hairpin RNA (shRNA) or NC lentivirus (Obio Technology). Virus-containing medium was replaced with the differentiation medium mentioned above. For lentiviral transduction, NSCs (4 × 105) were seeded in 6-well plates and the lentivirus was added at a multiplicity of infection (MOI) of 1:20. After 72 h, the transduction efficiency was evaluated via fluorescence microscopy. Three shRNAs which targeted different gene regions were explored to obtain the most effective silencing. Sense strands used in this study can be found in the (Supplementary Table 1).



Western Blot

NSCs were harvested and digested in RIPA extraction buffer (Beyotime, China). Protein samples were separated by 10% SDS-PAGE and transferred onto PVDF (polyvinylidene difluoride) membranes (Millipore, United States) in tank transfer system (Bio-Rad, United States). Membranes were blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1h, washed three times in TBST, and incubated overnight at 4°C with primary antibodies including rabbit anti-Sp1 (1:1000 dilution; Abcam; United States; Cat# ab13370, AB_300283), rabbit anti-cdkn1b (1:1000 dilution; Abcam; United States; Cat# ab32034, AB_2244732), rabbit anti-GAPDH (1:2500 dilution; Abcam; United States; Cat# ab9485; AB_307275), or rabbit anti-β-tubulin(1:1000 dilution; Abcam; United States; Cat# ab6046; AB_2210370). After incubation with the HRP conjugated goat anti-rabbit IgG secondary antibody (1:5000 dilution; Bioss; China; Cat# bs-0295G-HRP, AB_10923693), immunoreactive bands were detected by enhanced chemiluminescence (Millipore, United States). The protein bands were quantitatively analyzed using ImageJ software 1.52a.



Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) for the primary NSCs was performed using a Pierce Magnetic ChIP Kit (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. An anti-Sp1 antibody suitable for ChIP (1:100 dilution; Cell Signaling Technology; United States; Cat# 9389; AB_11220235) or rabbit IgG (1:250 dilution; Thermo Fisher Scientific; United States; Cat# 31887; AB_2532177) was use. qRT-PCR was performed to obtain quantitative data using 2 × Taq Plus Master Mix (Vazyme, China), and TB Green Premix Ex Taq II (TaKaRa, China). The enrichment at the cdkn1b promoter region was normalized to the amount of the total input. The Primers for the cdkn1b promoters can be found in the (Supplementary Table 1).



Statistical Analysis

For data obtained via qRT-PCR or Western blot, two-way ANOVA with repeated measures was used to analyze the differences between propofol-treated and control groups at various time points. All other data were analyzed via one-way ANOVA. p < 0.05 was considered statistically significant.



RESULTS


Propofol Exposure Promotes the Differentiation of NSCs to GFAP+ Cells

Immunocytochemistry identified that >90% of the cells isolated from the rat embryonic cortex and hippocampus were nestin positive (Figure 1A). In order to evaluate whether propofol exposure had an influence on the differentiation of NCSs, the cells were treated for 6h with 50 μM propofol before the induction of differentiation. Antibodies against the immature neuron marker β-tubulin III and glial marker GFAP were used for immunocytochemical staining on day 0, day 1, and day 3 after inducing differentiation. We found that NSCs had differentiated into both β-tubulin III+ and GFAP+ cells on day 1 and 3 (Figures 1B–D). However, following treatment with propofol, the proportion of GFAP+ cells compared to DMSO-treated or control cells significantly increased (Figures 1E,F). Correspondingly, the proportion of β-tubulin III+ cells decreased (Figures 1E,F). Further, the fluorescence intensity indicated that the expression of S100β, another astrocyte’s marker, was upregulated in propofol and reversed in Sp1 knockdown group in day3 (Supplementary Figure 2).
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FIGURE 1. Propofol disturbs the differentiation of rat NSCs. (A) Identification of primary cultured NSCs immunostained with anti-nestin antibody (green) and counterstained with DAPI (blue). Purity of primary cultured NSCs was calculated by cell counting. (B) Immunofluorescent images displaying the influence of propofol exposure on the expression of β-tubulin III and GFAP on day 0 (C) day 1 (D) or day 3 after inducing differentiation of NSCs. (E) The percentage of β-tubulin III+ or GFAP+ cells were quantified on day 1 (F) and day 3 after NSC differentiation. Statistical significance of mean differences was determined with the Tukey’s multiple comparisons test. Error bars represent SD (n = 5). *P < 0.05. Scale bar in (A) represents 10 μm, 100 μm in (B,D) and 20 μm in (D). TUBB3 = β tubulin III.




Propofol Downregulates miR-124-3p in Rat NSCs

We then proceeded to investigate the mechanism by which propofol induced the differentiation of NSCs into GFAP+ cells. Based on our previous research, we selected several miRNAs involved in cell differentiation and assessed whether propofol could modulate their expression. Among the miRNAs investigated, only miR-124-3p was shown to be down-regulated on day 1 and 3 of differentiation following propofol exposure (Figure 2A). We then constructed an miR-124 mimic exogenously and transfected this into NSCs so that they overexpressed this miRNA. Our results showed that the miR-124 mimic could moderately reverse the effects of propofol and reduce the proportion of NSCs differentiating into GFAP+ cells (Figures 2B,C). The effect of miR-124-3p overexpression were confirmed at day 0, 1, and 3 (Figure 2D).
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FIGURE 2. Propofol downregulates miR-124-3p in rat NSCs. (A) qRT-PCR showed that propofol exposure significantly downregulated miR-124-3p. (B) Immunofluorescent images indicated that miR-124-3p overexpression limited the number of GFAP+ cells. (C) The percentage of GFAP+ cells were quantified. (D) miR-124-3p expression was significantly upregulated following transfection of NSCs with an miR-124-3p mimic. Statistical significance of mean differences was determined with the Tukey’s multiple comparisons test. Error bars represent SD (n = 3). *P < 0.05. Scale bar represents 10 μm. TUBB3 = β tubulin III.




miR-124 Binds to the 3′-UTR Regions of Sp1 mRNA

miRNAs target the 3′-UTR regions of mRNA to induce post-transcriptional gene regulation. To predict the target mRNA of miR-124-3p, we utilized four online miRNA databases, miRanda, miRDB, miRWalk, and TargetScan (Supplementary Table 2). Here, we took the candidates that were predicted by all four databases and further analyzed these bioinformatically (Figure 3A). Gene ontology enrichment analysis showed that among targets within the molecular function, transcription factors had the highest enrichment-score (Figure 3D). Among the targets of top 20 enrichment-score involved in biological processes, we found two terms contained Sp1 and were related to development simultaneously (Figure 3C; Sp1 containing subsets shown in red). Finally, among the miR-124-3p targets involved in cellular component, targets involved in processes at the cell-cell junction were enriched (Figure 3B).


[image: image]

FIGURE 3. miR-124 targets Sp1 by binding to the 3′-UTR region of Sp1 mRNA. (A) Venn diagram showing target mRNAs for miR-124-3p from four databases. (B) Gene ontology enrichment analysis of target genes for miR-124-3p involved in cellular components (C) biological processes, or (D) in molecular functions. Development-related subsets containing Sp1 are marked in red. Transcription factors (sky blue) had the highest enrichment-score in molecular function.


We next used TargetScan and identified that the 3′-UTR regions of Sp1 mRNA contains two predicted miR-124-3p binding sites (Figure 4A). To verify these predictions, a dual luciferase reporter assay was applied. First, we generated a point mutation in the miR-124-3p binding site on Sp1 mRNA (Figure 4B). We then cloned the miR-124-3p binding regions from both the wild-type and mutated Sp1 into the Renilla luciferase coding sequence of the psiCHECK-2 vector. The miR-124-3p mimics or mimic NC were co-transfected with psiCHECK-2-Sp1-3′-UTR-WT or psiCHECK-2- Sp1-3′-UTR-MUT into HEK-293T cells. Compared with other groups, the luciferase activity in cells co-transfected with the miR-124-3p mimic and wild-type Sp1 was significantly reduced (Figure 4C). We also performed qRT-PCR and confirmed that propofol exposure significantly enhanced the expression of Sp1 mRNA on day 1 and 3 after inducing differentiation (Figure 4D).
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FIGURE 4. miR-124 targets Sp1 by binding to the 3′-UTR region of Sp1 mRNA. (A) A schematic diagram showing two complementary sites for miR-124-3p in the 3′-UTR regions of Sp1 mRNA. (B) Point mutation at the binding site for miR-124-3p in Sp1 mRNA. (C) Luciferase reporter assays in HEK293T cells after co-transfection of cells with the wild-type or mutant 3′-UTR of Sp1 and the miR-124-3p or NC mimics. (D) mRNA levels of Sp1 on day 1 and 3 of differentiation following exposure to propofol. Statistical significance of mean differences was determined with the Tukey’s multiple comparisons test (n = 3). Error bars represent SD. *P < 0.05.




miR-124 Targets Sp1 to Differentiate NSCs Into GFAP+ Cells Following Propofol Exposure

To further validate the effect of miR-124-3p on Sp1, we transfected the miR-124 mimic into NSCs and quantified Sp1 mRNA and protein expression. qRT-PCR, immunocytochemistry, and Western blots results showed that Sp1 mRNA and protein was significantly increased following propofol exposure (Figures 5A–D). And the increased mRNA and protein expression could be reversed by the miR-124-3p mimic (Figures 5B–D).
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FIGURE 5. miR-124 targets Sp1 to induce differentiation of NSCs into GFAP+ cells following propofol exposure. (A,B) Protein and (C) mRNA expression of Sp1 could be inhibited in NSCs transfected with the miR-124-3p mimic. (D) Immunofluorescence images depicting Sp1 upregulation following propofol exposure. (E,F) Sp1 protein expression was significantly downregulated following transfection of NSCs with Sp1 shRNA lentivirus. (G) Sp1 knock-down inhibited the ability of propofol to induce differentiation of NSCs to GFAP+ cells. NSCs transfected successfully with lentivirus were marked with EGFP. (H) The ratio of GFAP+ to β tubulin III+ cells were quantified. Data are expressed as the mean ± SD. NSCs transfected successfully with lentivirus were marked with EGFP. Statistical significance of mean differences was determined with the Tukey’s multiple comparisons test. Error bars represent SD (n = 3). *P < 0.05. Scale bars represent 100 μm. TUBB3 = β tubulin III.


For further confirm the effect of Sp1 in NSCs’ differentiation, we knock-down the Sp1 expression in NSCs using shRNA (Figures 5E,F). And the results confirmed that knock-down of Sp1 could limit the increase of GFAP+ cells following propofol exposure (Figures 5G,H).



Sp1 Binding to the cdkn1b Promoter Region Leads to Cell Cycle Arrest of NSCs

Previous studies have shown that the cell fate of NSCs can be modulated by cyclin-dependent kinases (including CDK4 and CDK2) (Li et al., 2008), and cyclin-dependent kinase inhibitors (including cdkn1a and cdkn1b) (Andreu et al., 2015; Cheng et al., 2015). Accordingly, we performed qRT-PCR to explore the correlation between these cell-cycle proteins and propofol exposure (Supplementary Figure 1). Among those proteins, the mRNA expression of cdkn1b was markedly increased after propofol exposure (Figures 6A,B). Cell cycle detections showed the percentage of cells in G1 increased in propofol group compared to control group indicating a lengthening of the G1 phase in day1 and day3 (Supplementary Figure 3). Moreover, when exposed to propofol, knock-down Sp1 could significantly decreased cdkn1b protein expression level (Figures 6C,D). As a transcription factor, Sp1 may regulate transcriptional activity of several cell cycle regulatory proteins. Thus, we conducted chromatin immunoprecipitation (ChIP) to test whether Sp1 could directly regulate cdkn1b. Our results exhibited that cdkn1b promoter region was enhanced enrichment in NSCs after propofol treatment (Figures 6E,F).
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FIGURE 6. Sp1 binding to the cdkn1b promoter region induce cell cycle arrest of NSCs. (A) Propofol elevated the expression of cdkn1b mRNA and (B) protein during differentiation of NSCs. (C) Sp1 knock-down reduced cdkn1b mRNA and (D) protein expression. (E,F). Sp1 binding to the cdkn1b promoter region in NSCs treated with propofol. IgG was used as a negative control. Statistical significance of mean differences was determined with the Tukey’s multiple comparisons test. Error bars represent the SD (n = 3). *P < 0.05. Sp1 Ab = Sp1 antibody.




DISCUSSION

In the current study, we investigated the effect of propofol on the fate of rat NSCs and the role of the miR-124/Sp1/cdkn1b axis in this process. Our data first highlighted that NSCs exposed to propofol exhibited a cell cycle arrest status and then an inclination to differentiate into GFAP+ or S100β+ cells. Moreover, propofol could decrease the expression of miR-124-3p. Using bioinformatic predictions and biological validation we demonstrated that miR-124-3p can interact with the 3′-UTR of Sp1. Further, interaction of Sp1/cdkn1b might induce cell cycle arrest which might be relative to tendency to differentiate into GFAP+ or S100β+ cells of NSCs. This inclination could be overturned by overexpression of miR-124 or knockdown of Sp1.

In previous studies, the data indicated that propofol would inhibit the proliferation of NSCs (Li et al., 2018; Liang et al., 2019). In our present study, propofol lengthened the G1 phase indicating a cell cycle arrest. Then we pay more attention to the effect of propofol on cell fate, such as changes in the direction of cell differentiation after cell cycle arrest. To better illustrate the two tendency of cell differentiation we calculated the percentage values of each positive cells based on the sum of two positive cells, GFAP+ and β-tubulin III+. Propofol treatment on NSCs, shows a tendency by differentiating into more GFAP+ cells, which could be a symbol of stemness or a symbol of astrocyte. In addition to GFAP, S100β, another specific marker for astrocytes differentiation, was up-regulated after propofol exposure in day 3 as well.

NSCs are critical within neurogenesis whereby they can self-renew and differentiate into neurons or glial cells (Kriegstein and Alvarez-Buylla, 2009; Wegleiter et al., 2019). Previous studies have shown that excessive gliogenesis during neural differentiation underlies the pathophysiology of several neural disease models (Bailey et al., 2013; Allen et al., 2017; Umezawa et al., 2018). In these diseases, excessive production of GFAP+ cells are correlated to synaptic dysfunction and brain perivascular abnormalities during neurodevelopment (Hussaini and Jang, 2018). Later in life, these pathophysiological changes will lead to learning and memory deficits and social behavioral disorders (Cai et al., 2019).

It has been well characterized that propofol affects neurogenesis via its actions on NSCs. Propofol induces autophagy in neural progenitor cells (NPCs) associated with endoplasmic reticulum Ca2+ release via InsP3Rs activation, though direct mechanics of how propofol modulate InsP3Rs is unknown. It is also known that propofol exposure regulates cell-fate by triggering differentiation of human NPCs into GFAP+ cells; which is similar to our observations here with rat NSCs (Qiao et al., 2017). However, evidence is still lacking for the link between propofol-induced differentiation of NSCs into GFAP+ cells and alterations in neural function.

Several studies have implicated the importance of miRNAs in the development of neural functions after propofol exposure. It is reported that repeated exposure to propofol results in down-regulation of miR-132 and significantly decreased numbers of dendritic spines in the hippocampus (Zhang et al., 2017). Furthermore, our previous study described the ability of propofol to modulate miRNAs in NSCs (Fan et al., 2016; Li et al., 2018). In this study we found that miR-124-3p was downregulated and was a crucial regulator of NSC differentiation following propofol exposure.

Given that miR-124-3p is the most abundant miRNAs in the developing and matured brain (Sun et al., 2015), the lack of miR-124-3p is related to the pathogenesis of several diseases. Similarly to our research, in Parkinson’s disease, deficiency of miR-124-3p delivery to the subventricular zone impairs neurogenesis and neural cell differentiation due to reduction of silencing the target cell-fate proteins Sox9 and Jagged1 (Saraiva et al., 2016). Besides silencing cell-fate relative mRNA, it is also reported that the lack of miR-124 will lead to the inability to precisely regulate the epigenetic regulatory factors in neuroblastoma cells to regulate the transition to neurons and astrocytes (Neo et al., 2014). During neurodevelopment, miR-124 temporally regulates the transition from transit amplifying cells to neuroblasts (Cheng et al., 2009). By repression of polypyrimidine tract-binding protein (PTBP), miR-124 can induce trans-differentiation of fibroblasts into functional neurons (Xue et al., 2013). Accordingly, it is rational to speculate that in our current study propofol led to cell arrest and alteration in differentiated tendency is closely relative to dysfunction of miR-124-3p and its target. Additionally, beside its effects on neuronal fate, miR-124 also contributes to promoting neurite outgrowth during neuronal differentiation (Gu et al., 2018). However, the duration of propofol on miR-124-3p in our study was within 3 days, which is not long enough for neurite development.

In order to better understand the mechanism by which propofol modulates differentiation of NSCs, we utilized bioinformatics and reporter assays to discover and validate Sp1 as the direct target of miR-124-3p. Moreover, Sp1 could be upregulated by propofol, while Sp1 knock-down reduced the number of GFAP+ cells following propofol exposure. Thus, highlighting Sp1 as an important factor in the differentiation of NSCs by miR-124-3p.

Sp1 is a DNA-binding protein, which activates and inhibits gene transcription in multiple physiological and pathological processes (Vizcaino et al., 2015; Wei et al., 2016). During gliogenesis, Sp1 was proven to binding to the promoter of GFAP, the expression of which was enhanced (Yeo et al., 2013; Johnson et al., 2016). The loss of Sp1 in astrocytes is linked to learning and memory impairment in mice by GFAP decrease (Hung et al., 2020). In our study, propofol increase the proportion of GFAP+ cells after induced differentiation. It is reasonable to believe that this alteration in differentiation tendency is modulate by Sp1. On the other hand, Sp1 mediates neurogenesis through the regulation of cell cycle-related proteins in multiple cell types (Billon et al., 1999; Opitz and Rustgi, 2000; Cen et al., 2008). Binding of Sp1 to Cyclin D orchestrates cell fate decisions in human stem cells, represses neuronal differentiation in mesenchymal stem cells (Mondanizadeh et al., 2015; Pauklin et al., 2016). Coincided with these researches, our presented study suggested that Sp1 modulated cell cycle through binding enhancement to cdkn1b promoter.

Previous studies suggest that cell fate can also be moderated by cyclin dependent kinases inhibitors (CDKI) (Cunningham et al., 2002; Andreu et al., 2015; Abbastabar et al., 2018), transcription of which can be regulated by Sp1 (Cen et al., 2008). CDKIs inhibit CDKs to delay or stop cell cycle progression (Besson et al., 2008). One function of CDKIs is to control cell differentiation and proliferation in tumorigenesis or neurogenesis (Besson et al., 2008). Our data identified that Sp1 binding to the promoter region of cdkn1b (a key CDKI) elevates the protein level of cdkn1b. In neurodevelopment, it has been well demonstrated that cdkn1b accumulates in quiescent adult hippocampal neural stem cells in vitro (Andreu et al., 2015). In our current study, NSCs prone to differentiation into more GFAP+ cells (also known as a neural precursor cell marker) could be a symbol of stemness due to quiescent stage accumulate of NSCs. Further, cdkn1b induces cell-cycle arrest and facilitates neuronal differentiation in the adult hippocampus (Andreu et al., 2015). Our results also suggested a cell-cycle arrest probably resulted of cdkn1b increase after propofol exposure which therefore was prone to differentiation into GFAP+ or S100β+ cells. These could also be a sign of astrocyte differentiation. In all, NSCs’ cell-cycle arrest mediated by cdkn1b could possibly lead to the alteration in differentiation inclination. But the in-depth mechanism needs further investigation in our further research.

In summary, the present study demonstrates that propofol exposure reduces miR-124-3p expression which results in upregulation of Sp1, increased cdkn1b transcription. As such, our research highlights the importance of the miR-124-3p/Sp1/cdkn1b axis in cell-fate modulation exhibiting a cell cycle arrest status and an inclination to differentiate into GFAP+ or S100β+ cells after propofol exposure (Figure 7).
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FIGURE 7. Propofol disturbs NSCs differentiation via a miR-124-3p/Sp1/cdkn1b axis.


Interpreting the data presented in our study, some limitations must be considered. Firstly, since multiple targets for propofol on cells existing, the pathway through which propofol enters the cells to perform its function is still a not clear. Therefore, it is difficult to involved the exact mechanism by which propofol may affect miRNAs in current study. Indeed, it will be more profound if we verified the results in vivo. In order to expound the most concern about whether propofol is toxic to developing brain, experiments of propofol exposure in vivo are required to operate in fetal or neonatal animals. However, the related animal models are still controversial, for the process of neurodevelopment in vivo is regulated by a complex network. Exposed to propofol, the phenotype in vivo is not necessarily clear. Therefore, the main purpose of this study is to clarify the effect and mechanism of propofol on neural stem cells to guide our further research in vivo.
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Primary microcephaly genes (MCPH) are required for the embryonic expansion of the mammalian cerebral cortex. However, MCPH mutations may spare growth in other regions of the developing forebrain which reinforces context-dependent functions for distinct MCPH genes in neurodevelopment. Mutations in the MCPH2 gene, WD40-repeat protein 62 (WDR62), are causative of primary microcephaly and cortical malformations in humans. WDR62 is a spindle microtubule-associated phosphoprotein that is required for timely and oriented cell divisions. Recent studies in rodent models confirm that WDR62 loss or mutation causes thinning of the neocortex and disrupted proliferation of apical progenitors reinforcing critical requirements in the maintenance of radial glia. However, potential contributions for WDR62 in hippocampal development had not been previously defined. Using CRISPR/Cas9 gene editing, we generated mouse models with patient-derived non-synonymous missense mutations (WDR62V66M and WDR62R439H) and a null mutation (herein referred to as WDR62Stop) for comparison. We find that WDR62 deletion or mutation resulted in a significant reduction in the thickness of the hippocampal ventricular zone and the area of the dentate gyrus (DG). This was associated with the mitotic arrest and depletion of radial glia and intermediate progenitors in the ammonic neuroepithelium. As a consequence, we find that the number of mitotic dentate precursors in the migratory stream and granule neurons in the DG was reduced with WDR62 mutation. These findings reveal that WDR62 is required for neurogenesis and the growth of the hippocampus during embryonic development.
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INTRODUCTION

WD40-repeat protein 62 (WDR62) is a microtubule-associated signaling protein that is required for centrosome biogenesis and normal cell division or mitosis (Shohayeb et al., 2017). Initial studies on WDR62 identified functions as a scaffold protein that co-ordinated intracellular signaling through protein-protein interactions with mitogenic kinases such as c-Jun N-terminal kinase (JNK) (Wasserman et al., 2010; Bogoyevitch et al., 2012). More recently, the repertoire of kinases that interact with WDR62 has expanded to include mitotic kinases such as Aurora and Polo-like kinases (Shohayeb et al., 2017). Aurora A and JNK-mediated phosphorylation of WDR62 regulates cell cycle-dependent microtubule association and mitotic function (Lim et al., 2015, 2016). During human embryonic development, WDR62 functions in neural progenitor populations are particularly critical as inherited mutations on WDR62 cause primary microcephaly (Bilguvar et al., 2010; Nicholas et al., 2010; Kodani et al., 2015).

Previous studies have identified numerous (>35) patient mutations in WDR62 that are causative of primary microcephaly (Shohayeb et al., 2017; Cherkaoui Jaouad et al., 2018; Yi et al., 2019). These mutations variously disrupt mRNA stability, splicing or result in the severe truncation WDR62 to trigger nonsense-mediated decay, and lost expression (Xu et al., 2014; Shohayeb et al., 2017, 2019) highlighting that WDR62 expression is required for normal brain growth. Interestingly, patient-identified mutations of WDR62 include a subset of atypical non-synonymous missense mutations that alter evolutionarily conserved amino acids and may specifically disrupt WDR62 function (Bilguvar et al., 2010; Nicholas et al., 2010; Shohayeb et al., 2019). In the developing CNS, WDR62 is enriched in the proliferating neuroepithelium within the cortex, the hippocampus and to a lesser extent in the cortical plate where post-mitotic neurons reside (Bilguvar et al., 2010; Sgourdou et al., 2017). In murine models, the depletion of WDR62 results in the reduced proliferative capacity of radial glia in the developing neocortex that was associated with disrupted apico-basal polarity, orientated divisions, and delayed cell-cycle progression (Chen et al., 2014; Xu et al., 2014; Jayaraman et al., 2016; Lim et al., 2017; Shohayeb et al., 2019). In addition, we showed that gene-edited mice harboring patient-identified WDR62 missense mutations (WDR62V66M and WDR62R439H) recapitulated reduced size of whole brains and reduced cortical expansion during early-mid gestation (Shohayeb et al., 2019). This was accompanied by the reduced numbers and proliferation of radial glia (Shohayeb et al., 2019). An analysis of protein and mRNA revealed normal expression in WDR62R439H mice which indicated that this mutation, located within the WD40-repeat region required for protein interactions, specifically disrupts WDR62 function and sufficient to cause cortical defects (Shohayeb et al., 2019). WDR62 is also expressed in the hippocampus and MCPH2 patients have been reported with hippocampal dysmorphology (Bilguvar et al., 2010). However, the potential impact of WDR62 missense mutations in hippocampal development has not been thoroughly explored.

The hippocampus is part of the limbic system and plays an essential role in learning and the formation of long and short-term memories (Broadbent et al., 2004; Johnston and Amaral, 2004). During development, the morphogens secreted by the telencephalon regulate radial glial cell proliferation and differentiation in the ammonic neuroepithelial layer or the ammonic ventricular zone (VZ) of the hippocampus (Barry et al., 2008). As the hippocampus develops, radial glial cells maturate and differentiate into neuronal progenitors (intermediate progenitors) which then migrate to the hippocampal cornus ammonis (CA) region (Barry et al., 2008; Hayashi et al., 2015). Concurrently, the DG precursors arising from the dentate neuroepithelium migrate along the dentate migratory stream to form the secondary and the tertiary matrices which ultimately populate the subgranular zone in the mature DG (Hatami et al., 2018). These migrating progenitors differentiate further to post-mitotic granule neurons in the incipient DG (Iwano et al., 2012; Hayashi et al., 2015). The glial progenitors which strongly express GFAP, however, form two glial bundles including the subgranular bundle, derived from the ammonic neuroepithelium, and the fimbrial bundle, derived from the fimbrial glioepithelium (Barry et al., 2008). These glial bundles are essential for hippocampus morphogenesis as they guide the migrating progenitors to the nascent DG (Nakahira and Yuasa, 2005; Barry et al., 2008).

Given that CDK5RAP2 and CENPJ, which are interacting partners of WDR62, have been found to alter the hippocampus and DG development (Issa et al., 2012; McIntyre et al., 2012), it is of great interest to investigate the possible implications of WDR62 mutations on the hippocampus during development. Our results revealed that WDR62 depletion or missense mutations altered hippocampus development with decreased VZ thickness and DG area. At the cellular level, the radial glial cell population was reduced in all WDR62 mutations which were associated with a decline in the developing pyramidal neurons (Tbr1+ve cells) in the hippocampus CA region and the granule neurons (Prox1+ve cells) in the DG. These findings demonstrate the crucial role of WDR62 in maintaining radial glia during hippocampal development.



RESULTS


WDR62 Deletion or Mutation Impairs Hippocampal Development

Here, we investigate the effect of mutant WDR62, harboring patient-identified missense mutations, on the hippocampus during murine embryonic development. Using CRISPR/Cas9 gene editing, we had previously generated mouse models with pathogenic missense mutations, WDR62V66M and WDR62R439H or introduced a premature stop codon (WDR62Stop) to disrupt WDR62 expression for comparison (Shohayeb et al., 2019). Structural analysis of hematoxylin stained coronal brain sections at E17.5 revealed that the overall organization of the hippocampus and the hippocampal fissures were not grossly altered by WDR62 loss or mutation. This is in contrast to the structural defects reported in clinical cases of MCPH2 (Bilguvar et al., 2010). However, the hippocampi were reduced in size with WDR62 loss or point mutations when compared to the wild type littermates (Figure 1A). The area of the hippocampus and thickness of the hippocampal VZ within rostral regions of the midbrain was significantly reduced in all WDR62 mutants suggesting that the numbers of radial glia (neural stem cells) that populate this region were likely reduced (Figures 1A–C). In addition, all WDR62 mutations resulted in a decrease in the size of the emerging DG indicating a reduction in the granule neurons that reside in this region (Figures 1A,D). We observed similar reductions in hippocampal VZ thickness and DG area in caudal regions of the midbrain from WDR62 mutant mice at E17.5 compared to wild-type littermates (Figures 1E–H). Consistent with a reduction in DG size, we stained for Prox1 which marks dentate granule neurons and observed a decrease in the number of Prox1+ve cells with WDR62 deletion or mutations (Figure 2). We next investigated the hippocampal neuroepithelium in WDR62 mutant mice at E15.5 and found significant reductions in VZ thickness and area at this earlier developmental stage (Supplementary Figures 1A–C). Whilst hippocampal growth was impaired, the ratio of hippocampus to overall brain size was not markedly altered in WDR62 mutant mice at E15.5 and E17.5 (Supplementary Figures 1D,E,H) which indicates that reductions in hippocampal growth was not disproportionate from an overall decrease in brain size. Similarly, the ratio of DG to hippocampus area or CA region thickness relative to hippocampal VZ in rostral (Supplementary Figures 1F,G) and caudal (Supplementary Figures 1I,J) regions of the hippocampus was not significantly altered by WDR62 mutations. These results suggest that WDR62 mutations/depletion result in a deficiency in the growth of the hippocampus and the DG that is in proportion with overall reductions in brain size.
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FIGURE 1. WDR62 regulates the formation of the hippocampus. (A) Coronal brain sections from WDR62+/+, WDR62Stop/stop, WDR62V66M/V66M, and WDR62R439H/R439H embryos at E17.5 were stained with hematoxylin. Sections containing the rostral midline telencephalon are depicted. Hippocampal regions are shown in zoomed-in images (dash boxes) and regions for measuring VZ thickness and DG area indicated. (B) Quantification of VZ thickness, (C) area of the hippocampus, and (D) area of the dentate gyrus (DG). (E) Sections containing the caudal midline telencephalon from WDR62+/+, WDR62Stop/stop, WDR62V66M/V66M, and WDR62R439H/R439H embryos at E17.5 are depicted. Hippocampal regions are shown in zoomed-in images (dash boxes) and regions for measuring VZ thickness and DG area indicated. (F) Quantification of VZ thickness, (G) area of the hippocampus, and (H) area of the dentate gyrus (DG) from caudal sections. Scale bars represent 500 μm.
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FIGURE 2. Reductions in granule neurons in the dentate gyrus with WDR62 mutations. (A–D) Coronal brain sections from WDR62+/+, WDR62Stop/stop, WDR62V66M/V66M and WDR62R439H/R439H embryos at E17.5 showing the hippocampus were stained with Prox1 (green) and DAPI (gray). (E) Quantification of the number of granule neurons (Prox1+ve) within 100 mm lineal surface of dentate neuroepithelium. Scale bars represent 100 μm.




WDR62 Mutation Perturbs Hippocampal Neural Stem Cell Populations

To investigate the impact of WDR62 mutations on progenitor populations in the hippocampus, we stained brain sections at E17.5 for markers of radial glia (Pax6, Sox2) and intermediate progenitors (Tbr2). Our staining showed that radial glial cell numbers (Pax6+ve Tbr2–ve and Sox2+ve Tbr2–ve cells) were reduced in the hippocampus VZ of WDR62 mutant mice compared to wild-type littermates at E17.5 (Figures 3A–E,A’–D’ and Supplementary Figures 2A–E,A’–D’). We observed similar reductions in radial glia (Pax6+ve Tbr2–ve) at E15.5 (Supplementary Figures 3A–E,A’–D’). This indicates that, as in the cortex (Shohayeb et al., 2019), WDR62 is involved in maintaining the radial glial cell population in the hippocampus VZ. Furthermore, corresponding with a decrease in radial glia, the number of Tbr2+ve intermediate progenitors was also reduced in the hippocampus VZ in WDR62 depletion (Stop) or missense mutant (V66M and R439H) mice at E17.5 (Figures 3A–D,F) and E15.5 (Supplementary Figures 3A–D,F). Decreased numbers of intermediate progenitors appeared to be specific to the hippocampal VZ as the number of Tbr2+ve cells in the dentate migratory stream was not significantly altered (Supplementary Figures 4A–E). Due to important functions in spindle regulation, the loss of WDR62 triggers mitotic arrest or mitotic delay depending on biological contexts (Ramdas Nair et al., 2016; Lim et al., 2017; Shohayeb et al., 2019). Therefore, we analyzed the number of mitotic (pH3+ve) radial glia in the hippocampus VZ/ammonic neuroepithelium and found a trend toward an increase in the mitotic radial glia in WDR62 mutant mice at E17.5 but this did not reach statistical significance (Figures 4A–E,A’–D’). These findings suggest that WDR62 depletion/mutation may cause a delay in the mitotic progression in neuroprogenitors residing within the hippocampus VZ resulting in their reduced numbers although this was not pronounced.
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FIGURE 3. WDR62 mutation decreases radial glia and progenitor pools in the hippocampus VZ. (A–D) Coronal brain sections from WDR62+/+, WDR62Stop/stop, WDR62V66M/V66M and WDR62R439H/R439H embryos at E17.5 were stained with Pax6 (red), Tbr2 (green), Tbr1 (magenta), and DAPI (gray). (A’–D’) White dashed boxes more closely depict Pax6 and Tbr2 + ve cells in hippocampus VZ. (A”–D”) White dashed boxes more closely depict Tbr1+ve cells in the hippocampal CA region. (A”’–D”’) White dashed boxes more closely depict Tbr1+ve cells in the DG. (E) Quantification of radial glial (Pax6+ve Tbr2–ve) cells per 100 mm of hippocampal ventricular surface. (F) Quantification of intermediate progenitor (Tbr2+ve) cells per 100 mm of ventricular surface. (G) Quantification of the immature neurons (Tbr1+ve) per 100 mm lineal surface in the hippocampal CA region. (H) Quantification of the immature neurons (Tbr1+ve) per 100 mm lineal surface in the DG. Scale bars represent 100 μm. *p < 0.05 and **p < 0.01.
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FIGURE 4. WDR62 depletion/mutations reduce mitotic cells in the dentate migratory stream. (A–D) Coronal brain sections from WDR62+/+, WDR62Stop/stop, WDR62V66M/V66M and WDR62R439H/R439H embryos at E17.5 showing the hippocampus were stained with phospho-histone H3 (pH3, Gray) and DAPI (blue) (A’–D’) White dashed boxes more closely depict pH3+ve cells in the hippocampus VZ, The dentate migratory stream is indicated by the irregular white dashed region. (E) Quantification of mitotic (pH3+ve) cells per 200 mm hippocampal ventricular surface. (F) Quantification of mitotic cells in the dentate migratory stream denoted by irregular white dashed lines. Scale bars represent 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001.




Impact of WDR62 Mutations on the Granule Neurons

As radial glia and the intermediate progenitor numbers were reduced in the hippocampus VZ, we next investigated the population of developing pyramidal neurons in the hippocampus CA1 and CA3 regions at E17.5 through immunostaining for Tbr1, a glutamatergic neuronal marker. We found that the number of developing pyramidal neurons was decreased in the hippocampus CA region of brains from WDR62 mutant mice (Figures 3A–D,A”–D”,G). Interestingly, the reduction in Tbr1+ve neurons was more severe in WDR62V66M and WDR62R439H mutations in comparison to WDR62Stop mutation (Figure 3G) although the reason for this remains undetermined. In addition, the number of Tbr1+ve neurons in the developing DG of WDR62 mutant mice was similarly reduced at E15.5 (Supplementary Figures 3A–D,A”–D”,G) and E17.5 (Figures 3A–D,A”’–D”’,H). An analysis of the cells undergoing mitosis in the dentate migratory stream indicated significant reductions in mitotic (pH3+ve) cells with WDR62 deletion or mutation (Figures 4A–D,F). This indicates a decrease in the production of dentate granule neurons migrating toward the DG likely due to the reduction in the neural stem cell pool in the hippocampus VZ from which these neurons arise (Nicola et al., 2015). Taken together, these studies reveal that WDR62 function is required to sustain the production and migration of granule neurons for the growth of the DG.



WDR62 Regulates Glial Populations in the Hippocampus

In addition to radial glia, non-neuronal glial populations are involved in hippocampal morphogenesis as they form glial bundles along which neurons migrate to the DG and the hippocampus CA region (Barry et al., 2008). Previously, we had revealed that, in addition to neural stem cell defects, WDR62 depletion impaired the production of glial populations during Drosophila larval neural development (Lim et al., 2017). Therefore we next stained for GFAP, a marker for mature glia, in order to evaluate the non-neuronal glia population in the hippocampus. Both the glial subgranular bundles and the fimbrial bundle were found to exist in all WDR62 mutants (Figures 5A–D). The area of GFAP+ve staining in the hippocampus, however, was significantly reduced (Figure 5E). In addition, the intensity of GFAP staining in the hippocampus VZ of WDR62 mutant mice was significantly lower when compared to wild-type animals (Figure 5F), indicating that less GFAP+ve mature glia were produced from radial glia. This is likely due to the decrease in the radial glial population in WDR62 mutants as radial glia give rise to mature glia by expressing GLAST and GFAP (Barry et al., 2008). The decrease in mature glia may also contribute to the reduction of granule neurons in the DG which use glial processes as a scaffold for migration (Barry et al., 2008). Taken together, our findings indicate that WDR62 plays an essential role in maintaining the radial glia pool in the hippocampus VZ/ammonic neuroepithelium and consequently the granule neurons population in the DG and pyramidal neurons in the hippocampus CA region. Moreover, hippocampal defects observed with WDR62 deletion were recapitulated with WDR62 patient-derived missense mutations which highlight the critical loss of functions required for hippocampal neurogenesis.


[image: image]

FIGURE 5. WDR62 regulate glial cell populations in the hippocampus. (A–D) Coronal brain sections from WDR62+/+, WDR62Stop/stop, WDR62V66M/V66M and WDR62R439H/R439H embryos at E17.5 were stained for GFAP (gray) to mark glia. White arrowheads indicate the glial fimbrial bundles, red arrowheads indicate the subgranular bundle and hippocampus VZ are highlighted between the 2 dashed yellow lines. (E) Quantification of the hippocampus positively stained with GFAP expressed as a percentage to total hippocampal area. (F) Quantification of GFAP intensity within a region (50 μm2) in the hippocampal VZ. Scale bars represent 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001.




DISCUSSION

Autosomal recessive primary microcephaly (MCPH) is clinically defined by significant reductions in brain volume and head size due to abnormal brain development (Bilguvar et al., 2010). The condition is principally attributed to pronounced deficits in the establishment and/or expansion in neural progenitors resulting in thinning of the cerebral cortex (Jayaraman et al., 2018). However, the most commonly mutated genes associated with primary microcephaly may not uniformly impact all cortical regions of the CNS. For example, a study of clinical cases with ASPM mutations reported disrupted organization and reduced volume of neocortical regions with the exception of the hippocampus and surrounding medial temporal lobe (Passemard et al., 2016). In contrast, patients harboring mutations in WDR62, which is second most frequently mutated in primary microcephaly, have presented with simplified hippocampal gyration and dysmorphology as part of a broad spectrum of structural malformations (Bilguvar et al., 2010; Farag et al., 2013). This suggests that, in addition to sustaining overall brain growth, MCPH genes may have region-specific functions in regulating neuroprogenitor cell populations. Previous studies have focused on WDR62 function in cortical neurogenesis (Chen et al., 2014; Xu et al., 2014; Jayaraman et al., 2016; Shohayeb et al., 2019) but WDR62 contributions to the development of the hippocampus and the DG have been extensively investigated.

WD40-repeat protein 62 mutations result in cognitive impairment and intellectual disabilities (Nicholas et al., 2010; Yu et al., 2010; Mahmood et al., 2011), which intersect with the prognosis of some neurological disorders associated with a hippocampal impairment such as Alzheimer’s disease (Palop and Mucke, 2009). WDR62 expression in the hippocampus is observed in late embryogenesis and here we showed that CRISPR/Cas9-mediated deletion in mice (WDR62Stop) resulted in reduced hippocampal growth which is consistent with a previous study utilizing WDR62 depleted gene-trap animals (Sgourdou et al., 2017). Similar deficits in hippocampal growth were also observed following knock-in of single amino acid substitutions on WDR62 to recapitulate patient-identified missense mutations (WDR62V66M and WDR62R439H). Embryonic hippocampal growth was significantly curtailed in WDR62 mutant mice and this was apparent from the reduction in hippocampal VZ thickness and DG area. The reduction in hippocampal growth appeared to be in proportion with an overall reduction in embryonic brain growth as the ratio of hippocampus to brain size was not significantly altered by WDR62 mutation. Although growth was decreased, the structural organization of the hippocampus was not grossly altered in WDR62 mutant mice. Similarly, with the exception of being marginally smaller in size, the formation of the glial subgranular and fimbrial bundles, which are composed of mature GFAP+ve glia and involved in proper hippocampal morphogenesis (Gasser and Hatten, 1990; Sievers et al., 1992; Barry et al., 2008) was not substantially altered by WDR62 mutation. The shrinkage in the glial subgranular bundle is likely a consequence of decreased radial glial numbers in the hippocampus ammonic neuroepithelium as radial glia ultimately mature and differentiate into GFAP+ve glia to form the glial subgranular bundles (Barry et al., 2008). The reduction in radial glia also reflects the shrinkage in the hippocampus VZ thickness. This mirrors the previously identified role for WDR62 in sustaining radial glia populations in the cortex of the developing forebrain (Bogoyevitch et al., 2012; Jayaraman et al., 2016; Shohayeb et al., 2019). Thus, our findings confirm that hippocampal growth is compromised as a result of lost protein expression in WDR62Stop and WDR62V66M brains or with impaired WDR62 function due to WDR62R439H mutation (Shohayeb et al., 2019).

During hippocampal development, radial glia cells undergo a series of mitotic divisions either symmetrically for expansion or asymmetrically to self-renew and simultaneously produce intermediate progenitors that further differentiate into post-mitotic neurons which migrate to the hippocampus CA region or the DG (Berg et al., 2018). An analysis of mitotic cells in the hippocampal ammonic neuroepithelium indicates that they spend a longer time in mitosis with WDR62 depletion or mutation. The increase in mitoses coincides with reduced numbers of radial glia and intermediate progenitors in the hippocampus VZ. This indicates that WDR62 mutations cause mitotic defects that lead to insufficient proliferation and/or loss of radial glia and ultimately a reduction in neuroprogenitor populations in the VZ. This is consistent with a role for WDR62 in the mitotic progression of neuroprogenitors in the developing neocortex (Bogoyevitch et al., 2012; Chen et al., 2014; Ramdas Nair et al., 2016; Lim et al., 2017). Interestingly, while the number of Tbr2+ve progenitors in the hippocampal VZ was decreased, their numbers in migratory stream was not substantially changed. This may reflect abnormal depletion of radial glia into Tbr2+ve cells within the migratory stream similar to previous findings in the cerebral cortex (Shohayeb et al., 2019). This does not appear to translate to neuron numbers which suggests that Tbr2+ve progenitor are ultimately lost without generating new neurons. Mitotic arrest leading to apoptotic cell death may contribute to a decrease in mitotic radial glia and progenitor cells although we had previously shown that WDR62 missense mutations did not significantly increase cell death in the neocortex (Shohayeb et al., 2019). Further analysis of cell death in specific progenitor populations may clarify these findings. WDR62 loss or mutation results in aberrant mitotic spindle formation leading to subsequent activation of spindle assembly checkpoint and mitotic arrest (Bogoyevitch et al., 2012; Chen et al., 2014). Furthermore, WDR62 has also been shown to be required for centrosome biogenesis. Given the importance of centrosome in spindle microtubule organization (Sanchez and Feldman, 2017), defects in centrosome numbers may also lead to errors in the microtubule-chromosome attachment to trigger mitotic arrest (Nam et al., 2015). Our study reinforces important WDR62 functions in spindle regulation, cell cycle progression and oriented divisions that are involved in sustaining self-renewal and expansion of radial glia in the hippocampus VZ.

The decline in numbers of radial glia and intermediate progenitors within the hippocampus VZ, as a result of WDR62 mutation, was associated with a concomitant reduction in developing pyramidal neurons in the hippocampus CA region and the granule neurons in the DG. The reduction in neurons in the hippocampal CA region and the DG may also be due to a perturbation in migration as neurons utilize radial glial processes and glial bundles as a scaffold for directed migration (Barry et al., 2008; Hayashi et al., 2015). In all WDR62 mutant animals, we observed a decrease in radial glia and a decrease in glial bundle area which would reasonably be expected to impact neuronal migration. Moreover, the number of mitotic cells observed in the dentate migratory stream were reduced in all WDR62 mutants which suggests reduced generation of dentate granule neurons migrating toward the incipient DG (Barry et al., 2008). Therefore, the neurogenic deficits observed in the hippocampus and DG of WDR62 mutants may be due to the combined effects of reduced neuronal migration together with mitotic/proliferative deficits in neuroprogenitor populations.

A comparison of neural deficits in animals with depletion of WDR62 with mice harboring patient-derived missense mutations revealed comparable defects in the hippocampus and the DG. A notable exception was a more pronounced decrease in Tbr1+ve pyramidal neurons in the hippocampus of mice with WDR62 missense mutations compared to WDR62 depletion (WDR62Stop). The reason for this difference is undetermined but may be related to the compensatory increase in expression of related paralogs with overlapping functions (El-Brolosy et al., 2019). Previously we had postulated that the expression of MAPKBP1, a WD40-repeat protein that is closely related to WDR62, was elevated in response to nonsense-mediated decay in WDR62Stop but not WDR62 missense mutant animals (Kodani et al., 2015). MAPKBP1 shared high-sequence conservation with WDR62, is similarly expressed in the hippocampus (Allen Brain Atlas) and is localized to mitotic spindle poles (Macia et al., 2017). An analysis of MAPKBP1 expression in WDR62 mutant hippocampi may resolve differential effects on neuronal numbers observed with protein knockout versus single amino-acid substitutions. Taken together, our findings reveal the critical role of WDR62 in hippocampal growth and demonstrate the impact of patient-identified mutations on hippocampal neurogenesis during embryonic development.



EXPERIMENTAL PROCEDURES


Generation of Mouse Lines

The WDR62Stop, WDR62V66M, and WDR62R439H mutant mice were generated by the Australian Phenomics Network (Monash) through CRISPR/Cas9 editing. The following are the animal ethics approval numbers (SBMS/AIBN/445/18 and SBMS/AIBN/375/15/NHMRC/ARC) obtained from the animal ethics unit at the University of Queensland. More details about the generation of these mouse lines and genotyping can be found in our previous study (Shohayeb et al., 2019).



Hematoxylin Staining

E17.5 brains were processed in paraffin-wax and cut at 10 μm using a microtome. Following dewaxing, brain sections were stained with Mayer’s hematoxylin, washed and fixed in xylene. Brain sections were then mounted in DePeX mounting media and imaged by Aperio slide scanner.



Immunohistochemistry

Brain sections were dewaxed and antigens were retrieved at 95°C for 15 min in 10 μM pH 6.0 sodium citrate buffer using a decloaking chamber. Following antigen retrieval, brain sections were incubated for an hour in a blocking buffer (20% FCS + 2% BSA + 0.2% TritonX in 50 mL PBS, filtered). The primary antibody solution was applied overnight. After washing the primary antibodies, the secondary antibody solution was applied for 2 h. Primary antibodies used for immunohistochemistry were rabbit anti-Tbr1 (1:200, ab31940 Abcam), rabbit anti-Tbr2 488 (1:200, 53-4875-80 eBioscience), rabbit anti-Prox1 (1:300, ab101851 Abcam) rabbit anti-pH3 (1:300, ab47297 Abcam), rabbit anti-Pax6 (1:200, DSBH), rabbit anti-GFAP (1:200, ab7260 Abcam) and rabbit anti-Sox2 (1:200, ab196175 Abcam). The secondary antibodies used were anti-rabbit Alexa Fluor 488, anti-rabbit Alexa Fluor 555, anti-mouse Alexa Fluor 555 and anti-rabbit Alexa Fluor 647 (1:400, eBioscience). Following immunohistochemistry, each brain section was imaged as z-stacks (10 μm) using a Leica SP8 laser scanning confocal microscope using high NA 20x and 40x objectives.



Data Quantification and Statistical Analysis

The hippocampal, DG and brain area and the thickness of the hippocampal VZ were quantified in hematoxylin stained brain sections with ImageScope. Radial glia and progenitor cells within a region of interest (typically 100–200 μm lineal surface of neuroepithelium) were counted in ImageJ. Typically, 2 regions of interest were measured per brain section and 3 sections were imaged per animal. “n” – denotes number of animals quantified. Statistical analyses were performed in GraphPad Prism using a two-tailed unpaired student’s t-test. All the error bars are represented in the standard error of the mean (SEM). Significance stars included in graphs are as follows ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.
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Retinal development follows a conserved neurogenic program in vertebrates to orchestrate the generation of specific cell types from multipotent progenitors in sequential but overlapping waves. In this program, retinal ganglion cells (RGCs) are the first cell type generated. RGCs are the final output neurons of the retina and are essential for vision and circadian rhythm. Key molecular steps have been defined in multiple vertebrate species to regulate competence, specification, and terminal differentiation of this cell type. This involves neuronal-specific transcription factor networks, regulators of chromatin dynamics and miRNAs. In mammals, RGCs and their optic nerve axons undergo neurodegeneration and loss in glaucoma and other optic neuropathies, resulting in irreversible vision loss. The incapacity of RGCs and axons to regenerate reinforces the need for the design of efficient RGC replacement strategies. Here we describe the essential molecular pathways for the differentiation of RGCs in vertebrates, as well as experimental manipulations that extend the competence window for generation of this early cell type from late progenitors. We discuss recent advances in regeneration of retinal neurons in vivo in both mouse and zebrafish and discuss possible strategies and barriers to achieving RGC regeneration as a therapeutic approach for vision restoration in blinding diseases such as glaucoma.
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INTRODUCTION

RGCs are the output neurons of the retina, connecting to brain targets through the optic nerves. Recent single-cell RNA-seq (scRNAseq) studies in the mouse retina have identified 46 transcriptional RGC subtypes (Laboissonniere et al., 2019; Tran et al., 2019). Clusters of RGC subtypes are also defined by properties such as the response to light stimulation, preference for local motion, uniform illumination or motion direction, dendritic morphology and lamination (Kong et al., 2005; Coombs et al., 2006; Laboissonniere et al., 2019; Tran et al., 2019). Although a great variety of visual attributes are codified by these RGC subtypes, the molecular mechanisms responsible for generating this diversity are not completely understood.

In vertebrates it is well established that RGCs are among the earliest-born cell types. In chicken, RGC generation starts at embryonic day 2, E2 (Prada et al., 1991; Zhang et al., 2018), in zebrafish 27–28 hpf (hours post fertilization) (Hu and Easter, 1999), in Xenopus, between stages 24 and 29 (Holt et al., 1988), and in the mouse, from E11 up to postnatal day 0 (P0, corresponding to around E19), with a peak at E14 (Drager, 1985; Young, 1985). In human embryonic retina RGC neurogenesis starts at the 7th gestation week, and transcriptomic and scRNAseq analysis showed similarity in cell specification timing as compared to mice (Aldiri et al., 2017; Hoshino et al., 2017; Lu et al., 2020).

Although much remains to be learned regarding the mechanisms underlying RGC generation, a hierarchical organization of transcription factors (TFs) has been defined that constitute a gene regulatory network in early progenitors essential to determine RGC competence, specification and terminal differentiation through the expression of critical effector genes (Figure 1; Boije et al., 2014; Mellough et al., 2019; Nguyen-Ba-Charvet and Rebsam, 2020). While most of this has been studied in model organisms, particularly mouse and zebrafish, relevant information has recently been generated from the study of retinal organoids, which allows the characterization of the molecular programs for the generation and diversification of cell types (Hoshino et al., 2017; Fligor et al., 2018), as well as comparison with developing human retina (Hoshino et al., 2017; Lu et al., 2020; Sridhar et al., 2020). ScRNA-seq coupled with pseudotime analysis of human retinal organoids or fetal retina have identified developmental trajectories from RPCs to each major cell type, including RGCs. This showed conservation of key regulators of RGC differentiation, as well as human-specific expression of MYC (Lu et al., 2020). It is striking that the conservation of developmental molecular programs between species is high. It will be interesting to characterize which information might be essential for the functionality of specific cell types in human retina.
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FIGURE 1. Regenerative approaches for retinal ganglion cell (RGC) replacement. During retinal development RGCs are generated from embryonic progenitors through a network of transcription factors. The critical factors are included above each developmental step at the top of the figure. Recently we showed that a RGC program may be reactivated in late RPCs upon Klf4 overexpression (Rocha-Martins et al., 2019) to generate induced RGCs (green). Current RGC regenerative approaches apply strategies to induce or reactivate the embryonic molecular program on exogenous (induced pluripotent or embryonic stem cells) or endogenous (Müller glia) sources (left). Transplanted (yellow) or induced RGCs (purple) must meet essential properties (frame), as they integrate in the retina, such as the host RGCs (pink). RPCs, retinal progenitor cells; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Figure created with BioRender.com.




MOLECULAR PROGRAM FOR RGC GENERATION


Temporal Patterning of Retinal Progenitors

Across vertebrate species, the temporal sequence of cell genesis for the seven major classes of retinal cell types is evolutionarily conserved, with RGCs as the first cell type generated (Young, 1985; Turner et al., 1990; Cepko et al., 1996; Rapaport et al., 2004). Retinal cells are generated in sequential but overlapping waves from multipotent retinal progenitor cells (RPCs) that change their capacity to generate specific cell types, according to the “competence model” (Cepko et al., 1996). However, the mechanisms underlying this temporal control are not well understood.

There is evidence for intrinsic changes in competence states of RPCs over time (Cepko, 2014). For example, aggregates of RPCs cultured in vitro recapitulate the composition of clones in vivo (Gomes et al., 2011), and RPCs maintain their potency when transplanted to an earlier or older environment (Watanabe and Raff, 1990; Belliveau and Cepko, 1999; Belliveau et al., 2000). A temporal patterning of early and late RPC populations has been distinguished by single cell analysis of developing mouse retina (Clark et al., 2019), and the developing human retina (Lu et al., 2020). Some authors have proposed that the fate of RPCs could be partially stochastic (Gomes et al., 2011; He et al., 2012). Also, extrinsic signals can influence the timing and competence of cell type generation, including RGCs (reviewed by Mills and Goldman, 2017). For example, there is a gradient of increasing Notch pathway gene expression in progenitors as development progresses (Clark et al., 2019). Feedback mechanisms, such as Shh and GDF11 for RGCs, can also limit the number of a given cell type produced (Kim et al., 2005; Wang et al., 2005).

One of the first studies to propose molecular mechanisms for the temporal control of cell identity acquisition described the roles of specific transcription factors in Drosophila, with hunchback (Hb) regulating the transition from early to late progenitors (Isshiki et al., 2001). Its mouse ortholog, Ikaros (Ikzf1) has the same role in early RPCs, and its loss of function leads to fewer early-born cell types such as RGCs, but does not affect late-born cell types (Elliott et al., 2008). Casz1, another ortholog of fly transcription factor- castor-, regulates the fate of mid/late born cell types and suppresses the generation of early-born cell types, as shown by conditional deletion (Mattar et al., 2015). Furthermore, Casz1 is repressed by Ikaros (Ikzf1), as shown in Drosophila for castor and hunchback (Mattar et al., 2015). The potential roles of other elements of this network, like fly Krüppel and Pdm, remain unknown. Recently, Klf4, a member of the family of Krüppel-like factors was studied in the mouse retina, but no critical function in cell fate determination was described (Moore et al., 2009; Fang et al., 2016; Rocha-Martins et al., 2019). This may be due to redundancy with other Klf family members (Jiang et al., 2008), since many are expressed in the developing retina (Moore et al., 2009; Njaine et al., 2014). We recently showed that overexpression of Klf4 in late retinal progenitors generates induced RGCs outside of their developmental window (Figure 1; Rocha-Martins et al., 2019). This study showed that Klf4 induced the reactivation of the early neurogenic program in late progenitors, changing their competence to generate RGCs that properly localized to the inner retina and projected axons into the optic nerve head (Rocha-Martins et al., 2019). The precise mechanism underlying the effect of Klf4 in late progenitors is still unknown, but we hypothesize that Klf4 reactivates the molecular program for RGC differentiation through its properties as a pioneer factor, combined with the direct or indirect induction of Atoh7 (Chronis et al., 2017; Rocha-Martins et al., 2019). Although these results are promising, the detailed characterization of the transcriptional signature, subtype, and function of these induced RGCs, as well as their capacity to connect within the retina and with their brain targets remains to be defined. It will be intriguing to determine whether Klf4 could also be used to promote or enhance the reprogramming of postmitotic retinal cells to generate induced RGCs for regeneration.



miRNA and Epigenetic Regulation of Progenitor Competence

miRNAs also play a role in the control of the transition of competence from early to late progenitors (Decembrini et al., 2009; Georgi and Reh, 2010; Davis et al., 2011). Retinal-specific deletion of Dicer results in prolonged production of RGCs beyond the normal competence window and failure to produce later-born cell types (Georgi and Reh, 2010). Three miRNAs, let-7, miR-125, and miR-9 are critical regulators of this early to late competence transition, and their overexpression can rescue the progression to late progenitors in Dicer-cKO (conditional knockout) (La Torre et al., 2013). Lin28 and Prtg are targets of these miRNAs and can maintain the early progenitor state when overexpressed, however overexpression in late progenitors was not sufficient for them to reacquire the early progenitor state since only very rare Brn3+ cells were observed in the neuroblastic layer (La Torre et al., 2013).

Besides transcription factor networks, the control of chromatin landscapes is relevant for the establishment of the competence transitions throughout retinal development (Aldiri et al., 2017; Zibetti et al., 2019). For example, in both human and mouse retina changes in histone modifications, particularly repressive H3k27me3, are associated with developmental transitions in the expression of differentiation programs for specific cell types (Aldiri et al., 2017). In addition, conditional disruption of the repressive histone H3K27 trimethylase Ezh2 in RPCs results in accelerated onset of differentiation for late-born retinal cell types (Iida et al., 2015; Zhang et al., 2015). How regulation of chromatin contributes to differentiation of early cell types, including RGCs, remains to be elucidated.



Transcriptional Regulation of RGC Development

Early in retinal development, transcription factors such as Sox2, Pax6, and Vsx2/Chx10 regulate the proliferation of multipotent retinal progenitors as well as the expression of critical competence factors. While Pax6 induces Atoh7/Math5 expression in early development (Riesenberg et al., 2009), Vsx2 represses the expression of this transcription factor (Burmeister et al., 1996; Marquardt et al., 2001; Vitorino et al., 2009). The disruption of this repression is critical as Atoh7 is necessary to confer competence to RPCs to generate RGCs. Although Atoh7 is not sufficient for RGC differentiation and is expressed in progenitors that generate a range of cell types (Brown et al., 2001; Lu et al., 2020), its absence leads to the loss of about 80% of RGCs in mice (Brown et al., 2001; Wang et al., 2001) and of almost all RGCs in zebrafish (Kay et al., 2001). Interestingly, Atoh7 expression is transitory (Kanekar et al., 1997; Brown et al., 1998; Kay et al., 2001; Liu et al., 2001) and is regulated by itself as well as many transcription factors, such as Pitf1a, Ngn2, and Neurod4/NeuroM/Atoh3 (Fujitani et al., 2006; Hernandez et al., 2007). At least one of these factors, Pitf1a, is directly regulated by Foxn4 (Fujitani et al., 2006), which was recently shown to control RPC temporal identities and to suppress the RGC fate (Liu et al., 2020).

Downstream of Atoh7 a plethora of transcription factors are essential for the generation, survival, and maturation of RGCs. Atoh7 directly regulates Pou4f2/Brn3b expression and acts upstream of the other POU domain factors, Pou4f1/Brn3a and Pou4f3/Brn3c (Liu et al., 2001; Pan et al., 2005). These transcription factors are essential for terminal differentiation, survival and axonogenesis in RGCs, but not for initial fate specification (Wang et al., 2002; Pan et al., 2005; Badea et al., 2009). In addition, Pou4f2 represses genes responsible for the differentiation program of other cell types (Qiu et al., 2008). Atoh7 also regulates expression of Isl1, which acts in parallel but also in coincident subpopulations of RGCs with Pou4f2 (Mu et al., 2008; Pan et al., 2008). These two factors work together to specify and differentiate the RGCs (Pan et al., 2008; Li et al., 2014; Wu et al., 2015). Analysis of Atoh7-expressing retinal progenitors revealed EYA2 as a protein phosphatase upstream of Pou4f2 and involved in RGC specification (Gao et al., 2014).

The distal-less homeobox family of transcription factors, namely Dlx1 and Dlx2, are also relevant for both RGC survival and terminal differentiation (de Melo et al., 2003; Zhang et al., 2017). Their expression is regulated by Atoh7 and they are direct regulators of Pou4f2 expression, although they can also act in parallel with this transcription factor, as suggested by the study of triple knockout mice (Zhang et al., 2017). SoxC transcription factors are also important for RGC specification, with known roles for Sox11 and Sox4. Sox11 is expressed in early progenitors (Usui et al., 2013) and its loss delays RGC neurogenesis, although Sox4 may compensate for Sox11 since just a small reduction in RGC number was detected in late development (Jiang et al., 2013). The combined depletion or overexpression of Sox11 and Sox4 has shown that these transcription factors are not only necessary but sufficient for RGC differentiation, with their loss resulting in complete absence of the optic nerve (Chang et al., 2017). In addition, Sox4-dependent posttranslational modification of Sox11 regulates its nuclear localization and activity. SoxC factors act upstream of Pou4f/Brn3 factors, although it is not known if they regulate them directly (Chang et al., 2017). Thus, a complex network of genes ultimately regulates the genesis and differentiation of RGCs from RPCs.



KNOWLEDGE FROM RETINAL DEVELOPMENT AS TOOLS FOR RGC REGENERATION


Retinal Ganglion Cell Loss in Disease

Being the sole output neurons of the retina and incapable of axon regeneration, RGC loss due to injury or disease results in permanent vision reduction and blindness. Several conditions impact RGC function and viability, including traumatic optic injury, ischemic injury, demyelinating and hereditary optic neuropathies, and diabetic retinopathy (Newman, 2012; Biousse and Newman, 2015; Altmann and Schmidt, 2018). Additionally, RGCs are the primary target of glaucoma, a group of neurodegenerative diseases characterized by progressive optic nerve axon damage and RGC death (Quigley, 2011; Calkins, 2012). Current treatments effectively control concomitant ocular hypertension, but not the progression of RGC neurodegeneration (Calkins, 2012; Fry et al., 2018). At present, there is no restorative treatment for reduced or lost vision due to loss of RGCs. This reinforces the relevance of investigating new therapeutic approaches.



Regeneration From Endogenous Sources: Müller Glia

There are some lines of investigation aimed at developing innovative regenerative strategies based on RGC replacement. One of them invests in the transplantation of cells differentiated in vitro from stem cells (reviewed in Miltner and La Torre, 2019 and not covered here). The other aims to generate these cells from endogenous sources, redeploying the regenerative capacity present in teleost, but lost in mammals (Goldman, 2014). In both scenarios, researchers apply knowledge of fundamental processes for RGC development to design tools to open or expand a window for the generation of new or induced RGCs capable of surviving and making correct synaptic connections to restore visual function.

When considering new approaches to generate induced RGCs in vitro or in situ, a promising candidate is Müller glia, a well-defined endogenous source for retina regeneration (Goldman, 2014; Vetter and Hitchcock, 2017; Lahne et al., 2020). Müller glia are generated in the second wave of retinogenesis (Cepko et al., 1996) and are transcriptionally similar to late retinal progenitors (Blackshaw et al., 2004; Ooto et al., 2004; Jadhav et al., 2009; Nelson et al., 2011). In teleost fish Müller glia respond to injury, dedifferentiate to a progenitor-like profile, proliferate, generate all cell types and restore vision (Goldman, 2014). However, this regenerative potential has been lost (or actively suppressed) during evolution, and mammalian Müller glia possess reduced proliferative or neurogenic potential (Dyer and Cepko, 2000; Karl et al., 2008; Hamon et al., 2019; Rueda et al., 2019). Müller glia in chick have intermediate regenerative potential and retain the ability to dedifferentiate and adopt a proliferative progenitor-like state during a narrow window after hatching (Fischer and Reh, 2001). Thus, recent efforts are focused on comparative approaches to define injury-induced changes in Müller glia that may account for differences in reprogramming potential across species (Lahne et al., 2020).

In zebrafish retina, many signaling pathways are important for generation of Müller glia-derived progenitors, proliferation, and neurogenic potential, either in damage or disease contexts. For example, Wnt/ß-catenin is upregulated in response to damage and is critical to stimulate Müller glia proliferation (Ramachandran et al., 2011; Meyers et al., 2012; Yao et al., 2016). Notch and Fgf8a-to-Notch signaling are important regulators of Müller glia proliferation in zebrafish, and different outcomes distinguishes multiple populations of Müller glia (Wan and Goldman, 2017). EGF is secreted by Müller glia upon damage and induces its proliferation even when damage is absent (Wan et al., 2012). Interestingly, it was recently suggested that Hippo/YAP signaling may actively repress the proliferation of Müller glia in mice, and overexpression of a YAP form insensitive to phosphorylation is sufficient to induce Müller cell reprogramming into a highly proliferative cell (Hamon et al., 2019; Rueda et al., 2019). Moreover, activation of TGFß by metalloproteinases can influence Müller glia reprogramming and retina regeneration in zebrafish through multiple targets (Sharma et al., 2020). How all these signaling pathways are integrated is still under debate (Wan and Goldman, 2016; Lahne et al., 2020).

The search for ways to unlock this regenerative potential in mammals has increasingly attracted interest (Karl et al., 2008; Loffler et al., 2015; Ueki et al., 2015; Jorstad et al., 2017; Guimaraes et al., 2018; Yao et al., 2018). Pollak et al. (2013) demonstrated that the overexpression of Ascl1 in Müller glia cultures and mouse retinal explants change gene expression with downregulation of glial genes and upregulation of progenitor genes. Moreover, they demonstrated in vivo the generation of cells with neuronal properties of amacrine, bipolar or photoreceptor cells. The use of an HDAC inhibitor to interfere with chromatin accessibility was effective also in mature retinas (Pollak et al., 2013; Ueki et al., 2015; Jorstad et al., 2017). Recently, the combination of Ascl1 overexpression with the use of a STAT inhibitor in addition to the HDAC inhibitor, showed increased efficiency in generating bipolar neurons (Jorstad et al., 2020). This is promising, because confirms that it is possible to reactivate a program for neuronal generation in mammalian Müller glia. It is likely that regenerative approaches will have to be designed for specific cell types and disease contexts, particularly for regeneration of RGCs.



Directed Strategies for Inducing Retinal Ganglion Cells

Strategies to reprogram existing cells to generate RGCs have been limited in mammalian retina, highlighting the need for innovative approaches. A preprint from Xiao et al. (2019) have described the generation of induced RGCs from Müller glia in mice through the overexpression of Atoh7 and Pou4f2/Brn3b. These cells projected axons to superior targets in the brain and restored the vision in a disease model. In addition to Müller glia, an alternative endogenous source for the generation of induced RGCs could be another retinal neuron (Vetter and Hitchcock, 2017). Interestingly, Chen et al. (2015) proposed that a subpopulation of amacrine cells had regenerative potential.

Since the epigenetic landscape is important not only for proper tissue development, but also for cell reprogramming, strategies that target chromatin remodeling could also prove fruitful for promoting RGC generation. During Müller glial cell reprogramming in zebrafish changes in DNA methylation as well as histone modification are tightly regulated to promote both activation and repression of gene expression, although the role of epigenetic changes in regulating this process remains to be more fully defined (Lahne et al., 2020). Notably, the transcriptional repressor REST broadly represses neuronal gene expression in non-neuronal cells and in progenitors via recruitment of histone deacetylases (Lunyak et al., 2004). Many Atoh7-dependent genes, including Pou4f2, have REST-dependent repressor element 1 (RE1) sites (Mu et al., 2005). Release of REST-mediated repression plays an important role in activating RGC genes in RPCs, and in retinas with conditional deletion of REST the numbers of RGCs increased significantly (Mao et al., 2011). Thus, it is possible that relieving epigenetic constraints on RGC gene expression may enhance the generation of RGCs outside the normal developmental window. Consistent with this, it was recently shown that CRISPR-CasRx-mediated down regulation of the RNA-binding protein, Ptbp1, converts Müller glia to RGCs in mature retina in vivo, with projection of axons to brain and restoration of visual responses (Zhou et al., 2020). Reduced expression of Ptbp1 was previously shown to convert fibroblasts to neurons in vitro through regulation of a miRNA targeting of multiple components of REST (Xue et al., 2013).



CONCLUSION AND FUTURE DIRECTIONS

Much effort has been invested into neuroprotective approaches and the control of risk factors that contribute to the degeneration of RGCs, such as intraocular pressure (IOP) in glaucoma. However, to restore vision it is essential to unravel innovative therapeutic strategies to replace damaged or lost RGCs and their connection to the appropriate superior targets. Here we discussed the principles of RGC generation throughout retinal development and considered new paths for regeneration based on the reactivation of developmental programs in combination to other strategies, such as interference with chromatin accessibility. The final goal would be to identify effective tools to extend or reopen the temporal window for RGC generation and apply it to replacement approaches (Figure 1). Potential candidates to apply such approaches would be Müller glia or other retinal neurons as endogenous sources for RGC regeneration. Approaches could be potentially enhanced by modulation of signaling pathways that have already been shown to control the proliferation and neurogenic potential of Müller glia, such as Notch, JAK/STAT, HIPPO/YAP, EGF, WNT, and TGFß (Wan et al., 2012; Ueki and Reh, 2013; Yao et al., 2016; Hamon et al., 2019; Rueda et al., 2019; Sharma et al., 2020). The combined use of signaling modulators with neurogenic and/or RGC-specific transcription factors together with epigenetic remodeling may offer the optimal recipe.

Based on previous studies designed to regenerate optic pathways it is also clear that there are relevant aspects during optic nerve regeneration that apply to axon growth of transplanted or regenerated RGCs in regenerative strategies, such as: enhancing the intrinsic axon growth capacity of RGCs, overcoming the potential growth-inhibitory environment of the optic nerve in disease, and optimizing the signals responsible for reinnervation of the relevant targets. Recently it was shown that transplanted RGCs are able to integrate into the adult mouse retina and project axons to the superior colliculus and lateral geniculate nucleus (Venugopalan et al., 2016). In addition, these cells were responsive to light, with electrophysiological properties similar to endogenous RGCs (Venugopalan et al., 2016). This is a strong demonstration that the mature mammalian retina is not refractory to RGC integration. An important follow up is to investigate RGC integration and visual function recovery in disease context.

On the other hand, for the design of any regenerative approach, relevant technical challenges must be overcome, which include adequate lineage tracing strategies to guarantee the origin of the new neurons, either transplanted or endogenously generated, as well as the verification of a possible interference of direct protein transfer between donor and host cells in data interpretation, as recently debated (Pearson et al., 2016; Decembrini et al., 2017; Boudreau-Pinsonneault and Cayouette, 2018; Nickerson et al., 2018).

In the end, it is essential to define what specific properties replaced or regenerated RGCs must possess to effectively function as retinal projection neurons. We propose here that these essential properties are: transcriptional identity, integration and synaptic connectivity in the retina, response to light, and axon projection and targeting to proper brain areas (Figure 1).

Finally, the relevance of these studies for RGC replacement in humans is yet to be determined, and preclinical testing of promising strategies to revert vision loss will require the definition of the minimal number of regenerated or transplanted RGCs necessary to obtain useful visual recovery, and of how the long-term survival of integrated RGCs will be attained. Preclinical studies in non-human primate will likely be an important intermediate step to ensure success of any regenerative strategy. Despite the many barriers that remain, the rapid advances in our understanding of RGC development paves a path toward the ultimate goal of applying that knowledge to promote RGC replacement and vision restoration.
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Mex3A is an RNA binding protein that can also act as an E3 ubiquitin ligase to control gene expression at the post-transcriptional level. In intestinal adult stem cells, MEX3A is required for cell self-renewal and when overexpressed, MEX3A can contribute to support the proliferation of different cancer cell types. In a completely different context, we found mex3A among the genes expressed in neurogenic niches of the embryonic and adult fish brain and, notably, its expression was downregulated during brain aging. The role of mex3A during embryonic and adult neurogenesis in tetrapods is still unknown. Here, we showed that mex3A is expressed in the proliferative region of the developing brain in both Xenopus and mouse embryos. Using gain and loss of gene function approaches, we showed that, in Xenopus embryos, mex3A is required for neuroblast proliferation and its depletion reduced the neuroblast pool, leading to microcephaly. The tissue-specific overexpression of mex3A in the developing neural plate enhanced the expression of sox2 and msi-1 keeping neuroblasts into a proliferative state. It is now clear that the stemness property of mex3A, already demonstrated in adult intestinal stem cells and cancer cells, is a key feature of mex3a also in developing brain, opening new lines of investigation to better understand its role during brain aging and brain cancer development.

Keywords: neurogenesis, neuroblast, RNA binding protein (RBP), E3 ubiquitin ligase, SOX2, Msi1, Musashi1, Mex3a


INTRODUCTION

In developmental processes, spatial and temporal control of gene expression occurs at transcriptional, post-transcriptional and post-translational levels. More than 1000 genes in the eukaryotic genome encode multifunctional RNA-binding proteins (RBPs) and 50% of these RBPs are expressed in the brain where they regulate all levels of RNA biogenesis at different levels (Bryant and Yazdani, 2016). The neural specific RBPs play a key role in post-transcriptional control, regulating RNA splicing, transport, surveillance, decay and translation (Glisovic et al., 2008).

By RNA-seq analysis we identified a set of evolutionarily conserved, age-regulated genes, expressed in adult neural stem cell niches (aNSCs), in the short-lived fish Nothobranchius furzeri, a well-established animal model for aging studies (Baumgart et al., 2014). Among them, the RNA-binding protein mex3A emerged as a putative new neurogenic regulator, down-regulated with age and expressed in neurogenic regions of the zebrafish embryo (Baumgart et al., 2014). This RNA-binding protein belongs to MEX3 family and vertebrates have four distinct mex-3 orthologs (mex-3A–D). All four proteins predominantly accumulate in the cytoplasm, and shuttle between the cytoplasm and the nucleus via CRM1-dependent export pathway (Fornerod et al., 1997). MEX3 genes encode proteins containing two heterogeneous nuclear ribonucleoprotein K homology (KH) domains and one carboxy-terminal RING finger module with E3 ubiquitin ligase activity (Draper et al., 1996; Buchet-Poyau et al., 2007) sharing the highest identity with Caenorhabditis elegans mex-3, a translational repressor involved in the maintenance of germline pluripotency (Ciosk et al., 2006; Hwang and Rose, 2010). The role of mex3 genes in mammals is poorly understood, though several studies suggest its putative involvement in self-renewal/differentiation decisions with implications for stem cell and cancer biology. In particular, human MEX3A was shown to play a key function in gastrointestinal context by impairing intestinal differentiation and simultaneously promoting an increased expression of intestinal stem cells markers such as LGR5, BML1, and MS1 (Pereira et al., 2013, 2020). In mice, mex3A is expressed in the crypt base and labels a slowly cycling subpopulation of Lgr5+ intestinal stem cell population (Barriga et al., 2017; Chatterji and Rustgi, 2018). MEX3A is overexpressed in pancreatic ductal adenocarcinoma (Wang et al., 2020) and strongly up-regulated in glioblastoma samples (Bufalieri et al., 2020). Despite this evidence, to our knowledge, there are no data available regarding the putative role of mex3a during embryonic and adult neurogenesis.

Here we used the clawed frog Xenopus laevis embryos to characterize the biological function of mex3A in the developing central nervous system (CNS). Xenopus embryos gave us the unique opportunity to perform functional experiments in a tissue specific manner without interfering with the normal development of all other tissues (Vitobello et al., 2011; Naef et al., 2018). We showed that mex3A is expressed in proliferative regions of Xenopus and mouse developing brain including the eye, the brain and neural crest cells. The results from gain and loss of gene function experiments suggested that mex3A plays key role in primary mechanisms of proliferation of neural precursors linking cell division and neuronal differentiation during embryonic neurogenesis.



MATERIALS AND METHODS


Molecular Cloning of mex3A

The available Expressed Sequence Tag (EST) clone of X. laevis mex3A (ID_6638558, gene bank BC_130195) lacks the coding region at 5′-end. To isolate the 5′-end coding sequence, we used the SMARTTM RACE cDNA Amplification kit (Clontech). The final PCR product was purified and sequenced. We obtained the full-length coding sequence of X. laevis mex3A submitted to The National Center for Biotechnology Information (NCBI) (ID_2213511) (Gene bank: MK_800014). A fragment of 975 bp of mouse mex3a cDNA (Gene Bank NM_001029890) was amplified and cloned into pGEM-T vector (Promega). The full-length cDNA sequence of zebrafish mex3a (Gene Bank XM_009292667) was amplified and cloned into pCS2+ vector.



Multiple Sequence Alignments of MEX3A Amino Acid Sequences

Multiple sequence alignments of MEX3A amino acid sequences were performed using the NCBI GeneBank for the following organisms: X. laevis mex3A (MK_800014); zebrafish mex3a (XM_009292667); Homo sapiens MEX3A (NM_001093725.2); Mus musculus Mex3A (NM_001029890.2).



Embryo Collection

Animal handling and care were performed in strict compliance with protocols approved by Italian Ministry of Public Health and of local Ethical Committee of University of Pisa (authorization n. 99/2012-A, 19.04.2012). X. laevis embryos were obtained by hormone-induced laying and in vitro fertilization then reared in 0.1× Marc’s Modified Ringer’s Solution (MMR 1× : 0.1 M NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES pH 7.5) until the desired stage according to Nieuwkoop and Faber (Nieuwkoop, 1956).



Morpholino Oligonucleotides, mRNA in vitro Transcription and Microinjections

All morpholinos (MOs) were obtained from Gene Tools, LLC (Philomath, OR, United States). The injections were performed into one side of the embryo in the dorsal blastomere at the 4 cells stage embryo to target neural tissue. The sequences of MOs used were mex3A MO1 sequence: 5′-CAGCAGG CTCGGCATGGCTAATAAC-3′; mex3A MO2 sequence: 5′ CATT CCTCTCCATCATCCCTGAGAG-3′; Control Standard Morpholino sequence: 5′-CCTCTTACCTCAGTTACAATTTA TA-3′. Microinjections were performed as described previously (Corsinovi et al., 2019). We injected 12ng per embryos of experimental and control morpholinos. To select properly injected embryos, we co-injected MOs with 250 pg of gfp mRNA and we proceeded with the analysis of the embryos that, at neurula stages (stage 15), showed a specific fluorescence in the neural plate of the injected site. The un-injected side represented an internal control in each embryo. We prepared capped mex3A and gfp mRNAs using the SP6 mMessage Machine in vitro transcription kit (Ambion), according to manufacturer’s instructions. For rescue experiments, we co-injected 12ng mex3A MO2 and 600ng of full-length Xenopus or zebrafish mex3A mRNA.



Whole Mount in situ Hybridization

Whole Mount in situ Hybridizations (WISHs) were performed as described (Naef et al., 2018). After color development, embryos were post-fixed and bleached over light to remove the pigment. The following plasmids were used for preparation of antisense RNA probes, enzyme used for linearization and the polymerases used for probe synthesis were and polymerases are indicated; X. laevis mex3A-pGEM-T (ClaI, Sp6); pcna-pBSK, sox2-pCS2+, N-tubulin-pBKS, elrC-pBKS, huD-pBSK,; twist-pcr2.1 topo (HindIII,T7); sox10-pBKS (EcoRI;T3); slug-sp72 (EcorV,SP6); foxd3-pBSK (EcoRI;T7); msi-1-pCMV-sport6 (EcoRI;T7) (a kind gift from Dr. Romualdo Ciau-Uitz); mouse mex3A-pGEM-T (NotI, T7).



In situ Hybridization on Frozen Tissue Sections (ISH)

For ISH on cryosections, Xenopus embryos were fixed in 4% paraformaldehyde in PBS, cryoprotected with 30% sucrose in PBS and embedded in Tissue-Tek OCT compound (Sakura, 4583). We prepared 12 μm cryosections and ISH was performed according to (Casini et al., 2012). Mouse embryo sections are a kind gift of Prof. Massimo Pasqualetti and were prepared as described in Pelosi et al. (2014). In situ Hybridization (ISH) on mouse embryo cryosections at 18 dpc was performed according to (Borello et al., 2014).



TUNEL and PH3 Staining in Xenopus and Statistical Analysis

TdT-mediated DUTP-dig nick end labeling (TUNEL) and PH3 (phospho histone 3) staining were performed according to established protocols (Ori et al., 2006). TUNEL and PH3 positive cells were counted within defined areas in control and injected sides of each manipulated embryo using (Ori et al., 2006) the ImageJ64 software. P-values were calculated by paired Student’s t-test using GraphPad Prism 6 software (San Diego, CA, United States). Statistical significance was indicated as: ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001.



Measurement of Brain Areas in Xenopus and Statistical Analysis

To determine the brain area, embryos at stage 41 (swimming larvae) were anesthetized with buffered tricaine methane sulfonate (MS222) and then fixed in 4% paraformaldehyde in PBS. Brains were isolated using fine forceps and areas of the un-injected and injected sides were calculated using the ImageJ64 software. P-values were calculated by paired Student’s t-test using GraphPad Prism 6 software (San Diego, CA, United States). Statistical significance was indicated as: ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001.



Quantitative Reverse Transcription Polymerase Chain Reaction and Statistical Analysis

Total RNA was extracted from 30 Xenopus morphants at neurula stage (stage 18) using Nucleospin® RNA (Macherey-Nagel) according to manufacturer’s instructions. cDNA was prepared by using iScriptTM cDNA Synthesis Kit (Bio-Rad) and quantitative real-time PCR was performed using GoTaq®qPCR master mix (Promega) according to the manufacturer’s instruction. Relative expression levels of each gene were calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001). The results obtained in three independent experiments were normalized to the expression of housekeeping gene, gapdh. The mean of the Control-Morpholino was set at 1. Statistical analysis for qRT-PCR experiments was performed by Student’s t-test using GraphPad Prism 6 software (San Diego, CA, United States). Statistical significance was indicated as: ∗p ≤ 0.05. Following primers were used to perform qRT-PCR: pcna (Huyck et al., 2015); N-tubulin and sox2 (De Robertis’s lab, web site: http://www.hhmi.ucla.edu/derobertis/); elrC (Seo et al., 2007); Glyceraldehyde 3-phosphate dehydrogenase (gapdh) (Naef et al., 2018).



Statistical Analysis of Embryo Phenotype

Statistical analysis for phenotypes observed after the injection of the Control-Morpholino or the injection of mex3A-MO2 was performed by Student’s t-test using GraphPad Prism 6 software (San Diego, CA, United States). We compared the percentage of embryos with altered marker genes expression between Control-Morpholino injected embryos and mex3A-MO2 injected embryos. Statistical significance was indicated as: ∗p ≤ 0.5, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.



RESULTS


Mex3A Is Expressed in the Developing Xenopus laevis Brain

We compared X. laevis mex3A predicted protein sequence with the zebrafish, mouse and human homologs revealing a high degree of similarity, especially in RNA binding domains (96%) and C-terminal Ring finger domain with E3 ligase activity (95%) suggesting a conserved function of mex3A in vertebrates (Supplementary Figure 1). As a prerequisite for functional studies, firstly we analyzed the spatial expression pattern of mex3A during early embryogenesis. Whole mount in situ hybridization (WISH) revealed that mex3A is already present in early cleaving stage (four cells stage) before the midblastula transition suggesting that it is maternally supplied (Figure 1A). At mid neurula stage, mex3A could be detected in the neural plate, in presumptive eyes territory, in pre-placodal territory and in cranial neural crest cells (NCC) (Figure 1B). At later stages of development, mex3A mRNA is present in the eye, in the CNS and in NCC migrated in branchial arches (Figures 1C,D). In situ hybridization on cryosections at stage 41 showed the mex3A expression in brain areas with high proliferative activity such as the ciliary marginal zone (CMZ) in the retina, the ventricular zone of the midbrain and the subventricular zone of the hindbrain (Figures 1E,F).
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FIGURE 1. The spatial expression pattern of Xenopus mex3A. Whole mount in situ hybridization approaches show that mex3A is expressed in the central nervous system. (A) Mex3A expression at blastula stage (stage 3). (B,C) At neurula (stage 20) and at tadpole stages (stage 27), mex3A is expressed in: neural tube, developing eye, neural crest cells (white arrowhead) and otic vesicle (white arrow). At stage 37, an accumulation of mex3A transcript persisted in the most anterior region of the central nervous system (D). (E,F) In situ hybridization on frozen tissue of transverse sections on WT embryos at stage 41. ISH signal was revealed using fluorescent Fast Red and is visualized in red. Nuclei were revealed in blue with Hoechst. (E,F) Mex3A is expressed in CMZ of the retina (red arrow), in ventricular zone of the midbrain and in subventricular zone of the hindbrain.




Mex3A Supports Neuroblasts Proliferative State

Since the expression of mex3A suggested a role during primary neurogenesis, we overexpressed mex3A in X. laevis embryos to evaluate its possible impact on primary neuron formation. For all experiments described below, mex3A-mRNA injections were done unilaterally into the animal region of one dorsal blastomere at the four cells stage embryo to target neural tissue. The un-injected side served as internal injection control and the co-injection of gfp mRNA was used to select and analyze only embryos in which the transcripts correctly localized in the neural plate (Figure 2A). At neurula stage (stage 18), WISH experiments revealed that the overexpression of mex3A altered expression domains of sox2 and musashi-1 (msi-1). The expression domains of sox2, a neuroblast marker (Mizuseki et al., 1998), and msi-l, commonly considered a specific marker for stem/progenitor cells (Okano et al., 2005), were markedly expanded in the injected side of the embryo as compared to the un-injected side (Figures 2B,C). Furthermore, we examined the expression of elrC, a marker of cells undergoing a transition from proliferation to differentiation (Carruthers et al., 2003), at neurula and tailbud stages. The expression domain of elrC appeared dramatically down-regulated in injected side of the embryos compared to un-injected side (Figures 2D–E′). Given these preliminary results, well correlated with the function of human MEX3A as positive regulator of cell cycle progression of intestinal precursors (Pereira et al., 2013; Barriga et al., 2017), we hypothesized that mex3A might be involved in cell proliferation also in the neural context. To elucidate this possibility, we analyzed the number of mitotically active cells in mex3A overexpressing embryos by immunostaining for mitotic Ser-10-phosphorylated Histone 3 (pH3). We observed a significant increase in mitotic cell number in the injected side of the embryo compared to the control side (Figures 2F,G). These data suggested that mex3A could maintain the proliferative state of neuroblasts delaying or preventing the neuronal differentiation during embryonic neurogenesis.
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FIGURE 2. (A) Embryos injected with gfp (250 pg) and mex3A (500 pg) mRNA in one dorsal blastomere at the four-cells stage showing fluorescence only in the neural plate at neurula stage were cultured till different stages of development for WISH analysis. In each panel the asterisk (*) indicates the injected side of the embryo. (B,C) mRNA distribution of sox2 and msi-1 (sox2 phenotype 54%, n = 116; msi-1 phenotype 50%, n = 80) in mex3A overexpressing embryos. The arrow in (D) showed the lack of elrC expression in the anterior neural plate. (D–E′) mRNA distribution of elrC at 18 (phenotype 54%, n = 114, D) and at 23 (phenotype 57%, n = 70, E,E′) stages in mex3A overexpressing embryos. The arrow in (E′) shows the lack of neurons in the anterior neural tube. (F,G) pH3 positive cells were counted in the areas defined by the black rectangles. Statistical evaluation of the data is shown (n = 40). Abbreviations: n total number of processed embryos; error bars indicate standard error of the means (SEM); ***p ≤ 0.001.




Mex3A Depletion Impairs Primary Neurogenesis

To study the role of mex3A in primary neurogenesis context, we also performed experiments of gene loss of function by using a specific morpholino oligo designed to block mRNA translation. However, by analyzing the sequence of the unique mex3A exon, we found that there are two possible translation start codons in frame (Supplementary Figure 1). Because both codons can be used as translation initiation sites, if we block the first translation start site using a specific morpholino oligo there is the possibility that the second start site could be used to translate a protein identical to the native one except for the first eight amino acids. The presence of a second ATG in frame and in the same position is conserved in vertebrate orthologs of mex3A (Supplementary Figure 1). We designed two specific morpholinos to inject them individually or in combination in the same embryo: morpholino 1 (MO1) designed to block the first ATG and morpholino 2 (MO2) designed to block the second ATG of the Xenopus mex3A mRNA. Since the injection of the MO1 did not generate any type of phenotype and the combination of the MO1 and MO2 increased the mortality rate without any synergic or additive effect, we used MO2 alone for subsequent analyses (Figure 3A). A standard control morpholino (CoMO) was used to evaluate non-specific embryo responses. By WISH experiments we showed that the expression domain of sox2 was reduced in mex3A-MO injected side of the embryo whereas both un-injected and CoMO injected sides were unaffected (Figures 3B,C). These data were confirmed by qRT-PCR analysis that showed a significant down-regulation of sox2 mRNA in mex3A morphants (Figure 3D). To further verify whether the loss of mex3A function could alter the regulation of neuroblast proliferation, we also examined the mRNA expression of pcna (proliferating cell nuclear antigen) (Strzalka and Ziemienowicz, 2011). Mex3A morphants showed a reduced pcna expression as detected by WISH (Figures 3B,C) and qRT-PCR experiments (Figure 3D). As a consequence of the impairment in the maintenance of neuronal progenitors pool, we observed that the lateral stripe of N-tubulin and elrC expression domains, the future sensory neurons, appear expanded on the injected side of the embryos compared to control side and CoMO injected embryos (Figures 3E,F). This phenotype might be due to an altered density and/or number of primary neurons. Hence, we performed qRT-PCR analysis that revealed a significant raise of N-tubulin and elrC mRNA level in mex3A morphants (Figure 3G). In order to verify the specificity of the mex3A-MO, we designed functional rescue experiments by co-injecting mex3A-MO together with the full-length mex3A mRNA. As the mex3A-MO could target not only the endogenous mex3A but also the in vitro transcribed Xenopus mex3A mRNA, for rescue experiments we cloned the zebrafish mex3A mRNA that is not recognized by mex3A-MO (Supplementary Figure 3). We already showed that the zebrafish mex3A is localized in proliferating region of the developing brain (Baumgart et al., 2014). We further showed that the overexpression of zebrafish mex3A, in Xenopus embryos, reproduced the same phenotype obtained by the Xenopus mex3A mRNA injection, thus confirming its functional conservation (Supplementary Figure 3). We then analyzed 123 co-injected embryos (mex3A-MO plus zebrafish mex3A mRNA) and we observed a restoration of the phenotype at neurula stage (stage 18) (Supplementary Figure 3).
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FIGURE 3. Loss of mex3A alters neuronal specification and differentiation (A) Structure of mex3A-morpholino oligonucleotide. The MO targets the second translation start site. (B) mRNA distribution of sox2 and pcna in mex3A morphants and controls. (C) Quantification of the data in B. (D) qRT-PCR analysis. Relative expression levels of each gene are normalized to gapdh expression. (E) mRNA distribution of N-tubulin and elrC in mex3A morphants and controls. (F) Quantification of the data in E. (G) qRT PCR analysis. (Abbreviations: n number of evaluated embryos in total; error bars indicate standard error of the means (SEM); *p ≤ 0,05, ***p ≤ 0.001, ****p ≤ 0.0001.




Mex3A Is Required for Anterior Neuronal Development in Xenopus laevis

The analysis of gene expression profile of mex3A showed a specific mex3A expression in the anterior neural tissue in Xenopus larvae including eye and brain (Figure 1). Therefore, to investigate in more details the putative biological function of mex3A during anterior neural development, we analyzed embryos at later stages of development. We observed in mex3A morphants, at larval stage 41, smaller and deformed eye with variable penetrance (Figures 4A,B). In contrast, in control side, as well as in CoMO injected embryos, the eye was always normal (Figure 4A). To test the specificity of mex3A-MO to induce eye phenotype, we performed rescue experiments co-injecting the mex3A-MO with the zebrafish mex3A mRNA, observing a restoration of the eye phenotype (Figures 4A,B). To better show possible alteration in larval brain development, we dissected morphants and control brains from larvae at stage 41 and we measured the areas of both brain hemispheres of injected versus un-injected side. We calculated brain area as described in Kiem et al., 2017. In comparison to the CoMO hemisphere (Figures 4C,D), the mex3A-depleted hemisphere exhibited a significant size reduction (Figures 4C,D). This phenotype could be due to a decrease in the cell proliferation rate. To examine this hypothesis, we performed pH3 immunohistochemistry (to visualize mitotic cells) experiments using mex3A-depleted embryos at tailbud stage (stage 24). pH3 staining showed a significant reduction in cell proliferation in mex3A morphants compared to un-injected control side and to CoMO injection (Figures 4F–I). These results suggested a requirement for mex3A in the control of cell proliferation at both neurula and tailbud stages.
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FIGURE 4. The inhibition of mex3A function causes defects in anterior neuronal development. In each panel, the asterisk indicates the injected side of the embryo (A) Representative images and (B) quantification of the effect of injection of mex3A-MO and co-injection of mex3A-MO with zebrafish mex3A mRNA on the eye phenotype. (C) Image showing the anatomy of Xenopus brain. Diagrams showing a dorsal view of isolated brains. (D) Bright field images of Xenopus brains at stage 41, anterior to the top after unilateral injection of mex3A-MO or CoMO. (E) Statistical evaluation of the brain size in injected embryos. (F–I) pH3 staining in mex3A-deficient embryos at stage 24. Mex3A depletion leads to a significant reduction of proliferating cells compared to the un-injected side, whereas the CoMO injection does not influence on proliferation. pH3 positive cells were counted in the areas defined by the black rectangles. Statistical evaluations of the data are shown. Statistical quantifications of the data are given. Abbreviations: n, total number of evaluated embryos in total; SEM, error bars indicate standard error of the means; ns, not significant. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.




Mex3A Is Expressed in Developing Mouse Brain

The hypothesis that the intestinal stemness-related gene mex3A could be considered as a regulator of neuroblast proliferation in the CNS is intriguing but no data are available for the expression of mex3a in mammalian CNS. For this reason, we performed a preliminary analysis of mouse mex3A mRNA distribution in the developing mouse brain. We revealed that at 18 dpc mex3A mRNA is present in proliferating regions of the mouse embryonic CNS such as telencephalic ventricular and sub-ventricular zone, developing hippocampus, olfactory bulbs and olfactory epithelium (Supplementary Figure 2) strongly suggesting a conserved role of mex3A in tetrapods CNS.



DISCUSSION

Mex-3 family members are mediators of post-transcriptional regulation in different organisms (Pereira et al., 2013). Several studies highlighted their involvement in different physiological processes, including the maintenance of the balance between stem cell self-renewal and differentiation. In particular, human MEX3A is necessary to post-transcriptionally regulate the levels of CDX2, mRNA coding for an intestinal transcription factor required in gastrointestinal homeostasis (Pereira et al., 2013). Mex3A appears crucial for the maintenance of the slowly cycling subpopulation of lgr5+ gut stem cells (Chatterji and Rustgi, 2018), and lgr5 absence in Mex3A–/– mice leads to growth retardation, postnatal mortality, and severe impairment of intestinal crypt development (Pereira et al., 2020).

Recent data showed that MEX3A is up-regulated in glioblastoma specimens (Bufalieri et al., 2020). In glioblastoma cells, MEX3A interacts with the tumor suppressor RIG-I inducing its ubiquitinylation and the proteasome-dependent degradation, supporting tumor growth (Bufalieri et al., 2020). Although MEX3A has a key role in gastrointestinal homeostasis and tumor progression, its putative role in neural context is not yet defined.

Previously, we showed mex3A expression in aNSCs niches in N. furzeri and in proliferating areas of the developing brain in zebrafish embryos (Baumgart et al., 2014). In the last years, the single cell technologies allowed us to query publicly available datasets and to obtain precious clues on gene expression and possible gene function in different animal models. Transcriptomic analysis of the ventricular-subventricular zone (V-SVZ) of lateral ventricles of male mice at 2, 6, 18, and 22 months revealed mex3A among the genes that significantly change their expression, being down regulated, during aging (Apostolopoulou et al., 2017). Benayoun and collaborators included Mex3A among the top genes down regulated in olfactory bulbs, another neurogenic niche in the adult brain, during mouse aging (Benayoun et al., 2019). These data nicely correlated with our previous observation of an age-related decline of mex3a expression in aNSC niches during N. furzeri brain aging (Baumgart et al., 2014) strongly suggesting a functional conservation of the role of mex3a in brain aging among vertebrates. Despite these suggestive clues, nothing is known about mex3A function in the vertebrate nervous system. Here we revealed, for the first time, the expression and function of mex3A during early neural development using X. laevis as model system. We showed that, besides its widely described role in gastrointestinal context, mex3A is additionally involved in CNS development of tetrapods. Mex3A is expressed in the neural tissue of the early X. laevis embryo including the eye field and neural crest cells. Mex3A mRNA is localized in areas with high proliferative activity such as the ciliary marginal zone (CMZ) of the retina, the ventricular zone of the midbrain and the subventricular zone of the hindbrain strengthening the hypothesis that mex3A could promote proliferation of progenitor cells also in neural context. In order to verify possible evolutionary conservation of mex3A role in the developing CNS, we visualized mouse Mex3A expression in 18 dpc embryos. We confirmed that Mex3A is expressed in proliferative areas of the developing mouse brain, such as in the ventricular-subventricular zone of the lateral ventricles and in the olfactory bulbs. These data suggested a mex3A involvement in the context of primary neurogenesis conserved among vertebrates.

Gene gain and loss of function approaches in Xenopus revealed that this gene was able to keep the undifferentiated and proliferative state of neuroblasts increasing the expression of proliferation markers and decreasing the expression of marker such as elrC (huC) and elrD (huD) during neurogenesis. This evidence suggests that mex3A could function as a potential regulator of proliferation rate of neural progenitor cells and this hypothesis is also supported by the increased expression of musashi-1 in mex3A overexpressing embryos. Msi-1 was first reported to be required for the proper development of the neural sensory organ in Drosophila (Nakamura et al., 1994), whereas it is commonly considered a specific marker for stem/progenitor cells in mammals (Kaneko et al., 2000). Msi-1 maintains stem cell proliferation state by acting as a translational repressor (Ratti et al., 2006). Interestingly, Msi-1 is regulated by Mex3A in mammalian gut cell (Pereira et al., 2013). In Xenopus another member of Mex gene family, mex3b, is expressed during early development and neurogenesis (Takada et al., 2009). Even if the expression pattern of the mex3A and mex3B are not overlapping, they seem to be both expressed in the neural plate and then in the neural tube during neurulation. Comparing our data with that obtained by Takada and collaborators, mex3A and mex3B seem to act not redundantly. The overexpression of mex3B in the neuroectoderm did not affect the expression profile of sox2 (Takada et al., 2009) and the gain or loss of mex3B function suggested an involvement of the gene in antero-posterior patterning of the neural tube (Takada et al., 2009). Our results showed that the overexpression, or the knockdown of mex3A, did not affect the antero-posterior axis formation or the regionalization of the neural tube supporting the idea that the two genes could act independently and in different time windows during CNS development.

Several neural-specific RNA-binding proteins are key inducers of neuronal proliferation and/or differentiation through the stabilization and/or translational enhancement of target transcripts. Additionally, Mex3A seems to have an important role as post-translational regulators also acting as E3 ubiquitin ligase in glioblastoma cells (Bufalieri et al., 2020).

In conclusion, we showed a key role of mex3A as a new post-transcriptional regulator able to influence neuroblast proliferation during neurogenesis. Mex3A gene function is necessary and sufficient to support the expression of sox2 and msi1, required for neuroblast self-renewal.

In light of this, in the future, it will be interesting to focus on the possible mex3A targets in neuroblast and adult neural stem cells to better clarify its role in development and aging of the CNS with possible translational implications in brain cancer research.
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Protrusion-Mediated Signaling Regulates Patterning of the Developing Nervous System
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During brain development, the tissue pattern and specification are the foundation of neuronal circuit formation. Contact-mediated lateral inhibition is well known to play an important role in determining cell fate decisions in the nervous system by either regulating tissue boundary formation or the classical salt-and-pepper pattern of differentiation that results from direct neighboring cell contacts. In many systems, however, such as the Drosophila notum, Drosophila wing, zebrafish pigmented cells, and zebrafish spinal cord, the differentiation pattern occurs at multiple-cell diameter distances. In this review, we discuss the evidence and characteristics of long-distance patterning mechanisms mediated by cellular protrusions. In the nervous system, cellular protrusions deliver the Notch ligand Delta at long range to prevent cells from differentiating in their vicinity. By temporal control of protrusive activity, this mechanism can pattern differentiation in both space and time.
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INTRODUCTION

During morphogenesis, the differentiation of cells must be coordinated and patterned at both short (among immediate neighbors) and long range (across several or many-cell diameters). Short-range signaling can be achieved, for example, by cell–cell contact via ligands and receptors proteins inserted into cell membranes (such as Delta-Notch or ephrin-Eph signaling) (reviewed by Cayuso et al., 2015; Henrique and Schweisguth, 2019). Long-range signaling requires mechanisms that can operate over greater distances and is traditionally thought to employ secreted ligands [for example, hedgehog (Hh), wingless (Wnt), fibroblast growth factor (FGF), or bone morphogenic protein (BMP)] that diffuse through tissues to their distant target receiving cells (Briscoe and Small, 2015). More recently, it has become apparent that morphogen and cell-to-cell contact-dependent signaling can also be achieved between distant cells via long cellular protrusions (for example, Cohen et al., 2010; Eom et al., 2015; Osswald et al., 2015; and reviewed by González-Méndez et al., 2019). Cellular protrusions that may have signaling, organizational, or mechanical roles have been described in many systems and can have a variety of morphologies, cytoskeletal structure, and names (reviewed by Kornberg, 2014). Here, we will focus on protrusions called cytonemes, nanotubes, and filopodia that include actin-based projections, which together with more substantial protrusions can contain both microtubule and actin cytoskeletons. In this discussion, we will concentrate on protrusion-mediated signals in the nervous system (Table 1). Of course, in the nervous system, the most obvious effectors of long-distance communication via cell protrusions are the axons and dendrites that mediate electrical and chemical transmission often over exceptionally long distances, but we will not deal with this here. Other protrusions from neuronal precursors set up long-range pattern and coordinate neurodevelopmental events. The cell protrusions in protrusion-mediated signaling can either deliver ligand over long distances and/or can act as sensors that receive signals by reaching out and capturing distant ligands (reviewed by González-Méndez et al., 2019). Here we begin by discussing protrusion-mediated delivery of signals in the developing and adult nervous system, and then we focus on recent work in the vertebrate spinal cord that shows protrusions can control both long-distance spatial and temporal patterns of neuronal differentiation.


TABLE 1. Summary of protrusion mediated signaling in the nervous system.
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CYTONEMES AND NANOTUBES IN THE DEVELOPING AND ADULT NERVOUS SYSTEM

Cytonemes are actin-rich membranous tubes of less than 1-μm diameter and can be up to several-hundred microns in length, with some containing tubulin at the base (González-Méndez et al., 2019). The first evidence that cell–cell signaling might be mediated by cytonemes in the developing vertebrate nervous system was the observation that fluorescently tagged Wnt8a protein localizes to and can be released from the tips of cytonemes protruding from cells in the very early zebrafish neural plate (Luz et al., 2014). Shortly after this, it was shown these cytonemes not only contact receiving cells and activate Wnt signaling, but also that experimental regulation of cytoneme length can alter the signaling range of the Wnt ligand and thus modify regional patterning in the neural plate (Stanganello et al., 2015). Interestingly, the Wnt producing cells regulate their own cytoneme production via an autocrine Wnt signal that activates the Ror2 receptor and the planar cell polarity pathway downstream (Mattes et al., 2018).

In adult brain, glioblastoma cells were recently shown to develop protrusions with cytoneme-like identity called tumor microtubes. Patient-derived gliomas seeded into a mouse brain use tumor microtubes for invasion and proliferation and form interconnections over long distances (Osswald et al., 2015). In a Drosophila model of glioma, tumor microtubes enwrap neurons and deplete the neurons of Wnt while activating Wnt signaling in the tumor cells. Tumor microtubes thus lead to neurodegeneration and tumor progression (Portela et al., 2019).

Another distinct type of thin cellular protrusion has also been implicated in long-range communication in embryo development and in normal and diseased adult brains. These are tunneling open-ended nanotubes, similar to cytonemes in that they are very narrow and membranous, with varied cytoskeleton composition, but distinct from cytonemes in that they fuse with their targets to form cytoplasmic continuity. Nanotube connections are capable of electrical coupling and delivering cytoplasmic contents including small organelles between distant cells (Wang et al., 2012; Gerdes et al., 2013). In the adult nervous system, tunneling nanotubes have been proposed to distribute mediators of neurodegenerative disease such as α-synuclein, amyloid-β, huntingtin, tau, and prions (reviewed in Victoria and Zurzolo, 2017).



LARGER CELLULAR PROTRUSIONS IN NEURONAL DEVELOPMENT

In the Drosophila notum, differentiating sensory organ precursor (SOP) cells use basal protrusions and filopodia to organize a mosaic pattern of differentiation spaced on average 4.6-cell diameters apart. In microchaete precursors, these cell extensions, visualized by CD8-GFP or Moe-GFP expression, appear as filopodia (Cohen et al., 2010), whereas macrochaete precursors develop a mixture of filopodia and larger protrusions (De Joussineau et al., 2003). These protrusions can span 1.4- to 21-cell diameters in length (11–120 μm) and are highly dynamic. Differentiating SOP cells and their respective filopodia express membrane bound Delta (De Joussineau et al., 2003; Cohen et al., 2010) and are able to activate Notch signaling to prevent neighboring and more distant cells from differentiating (Cohen et al., 2010). Ablation of a differentiating SOP switches on the expression of SOP-specific genes in neighboring cells to replace it, suggesting the differentiating SOPs are inhibiting their neighbors from differentiating. Reducing filopodia length or Delta-Notch signaling leads to a decrease in the spacing between SOP cells. These studies support the view that long-distance Delta-Notch–based lateral inhibition is delivered by filopodial protrusions and provide a mechanism by which the sparse induction of SOP cells can be generated (Cohen et al., 2010).

Less understood is the function of long protrusions and filopodia-like structures reported in the rodent cortex and adult zebrafish brain (Noctor et al., 2004; Chapouton et al., 2010; Nelson et al., 2013; Obermann et al., 2019). In the rodent brain, intermediate progenitors (that undergo mitosis in non-apical locations) were described as expressing Delta and having short- and long-range protrusions and a large number of multidirectional membrane protrusions that contact radial glia processes (Nelson et al., 2013). In adult zebrafish, both neural stem cells (NSCs) and neural progenitors also develop multiple multidirectional filopodia-like actin-enriched structures. The activated NSC and neural progenitors express Delta (Chapouton et al., 2010). This raises the possibility that a similar cell protrusion-mediated mechanism may also exist in rodents and adult zebrafish brains to deliver Delta-Notch lateral inhibition at a distance of several-cell diameters. However, the dynamics and pattern of differentiation surrounding the intermediate progenitors or activated NSCs or neural progenitors has never been determined and therefore the protrusions’ function in these cases remains largely unknown.

Recently, long transient protrusions have been shown to mediate long-distance spatiotemporal patterning of spinal neurons in vertebrates (Hadjivasiliou et al., 2019). Previous work had established that neurons of any particular subtype initially differentiate along the spinal cord in a sparse pattern with gaps of several-cell diameters between them (Dale et al., 1987; Roberts et al., 1987; Higashijima S. et al., 2004a; Higashijima S.-I. et al., 2004b; Batista et al., 2008). Subsequent neurons then arise in these gaps to eventually produce a continuous column of neurons of the same subtype. Live in vivo imaging of newly differentiating spinal neurons in the zebrafish embryo was used to uncover the mechanism of this spatiotemporal pattern. When spinal neuron cell bodies reach the basal surface of the neuroepithelium, they extend two long protrusions at the basal surface of the neuroepithelia, one anteriorly and one posteriorly, which span several-cell diameters (Hadjivasiliou et al., 2019). These protrusions have strict directionality; they last for several hours, and they are microtubule-based. Basal protrusions are then fully retracted into the cell body, and at the same time, the neuron detaches from the apical surface and before it extends an axon and dendrites (Figure 1A). This protrusive behavior is also fully replicated by spinal non-apical progenitors (which divide terminally to generate two neurons) while undergoing apical detachment (McIntosh et al., 2017; Hadjivasiliou et al., 2019).
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FIGURE 1. Long cellular protrusions play a role in the spatiotemporal patterning of zebrafish spinal neuron differentiation. (A) Live in vivo imaging in the zebrafish embryonic spinal cord of a single neuron labeled with a membrane marker. The cell body positions to the basal surface of the neuroepithelium while maintaining an attachment to the apical surface (dashed line; 0:00). The neuron extends two long protrusions along the basal surface, one anteriorly and one posteriorly (0:00–5:00). Each basal protrusion spans several-cell diameters. Both are retracted into the cell body (6:30–8:00), along with the apical attachment (asterisk; 8:30), before the neuron extends an axon (arrow; 9:30–11:30). (B) Diagrammatic working model of transient long-distance lateral inhibition delivered via basal protrusions. t1: A differentiating neuron expresses Delta (gray cytoplasm) and begins to extend basal protrusions. Delta signaling from the basal protrusions induces Notch signaling in the neighboring neuroepithelial cells that they contact, inhibiting their neuronal differentiation (lateral inhibition delivered by basal protrusions is represented by pink signs). t2: The basal protrusions grow to span several-cell diameters and inhibit the neuronal differentiation of neuroepithelial progenitors at a distance. t3: Retraction of the basal protrusions occurs before axon initiation, releasing the neuroepithelial cells that receive least contact with basal protrusions to differentiate.


The timing and morphology of basal protrusions hinted that they may play a role in the spatiotemporal patterning of spinal cord neuronal differentiation. The mean length of each basal protrusion is just over 40 μm, and about 90% of contemporary differentiation events occur outside the reach of these basal protrusions. However, later differentiation events did occur within this distance. As such, there is a negative correlation between the distance between two cells and the time at which they differentiate, so that cells that are closer together in space tend to differentiate further apart in time and vice versa.

It had previously been shown that Delta expression is required for the sparse spatial patterning of zebrafish spinal cord neurons (Okigawa et al., 2014), and DeltaD protein is specifically enriched in basal protrusions, while a transgenic Notch signaling reporter is upregulated in cells within their reach (Hadjivasiliou et al., 2019). This suggested that DeltaD signaling from basal protrusions could promote Notch signaling in long-distance neighbors and so delay their differentiation (Figure 1B).

This hypothesis was interrogated further using a combination of experimental and mathematical approaches. Basal protrusion length is significantly reduced in the absence of the extracellular matrix protein laminin, and this correlated with a reduction in the distance between neurons differentiating close together in time. Mathematical modeling built on previous models of Delta-Notch signaling dynamics (Collier et al., 1996; Cohen et al., 2010) first confirmed that spatiotemporal patterns of differentiation in vivo are unlikely to be randomly generated. Further simulations that incorporated experimentally observed protrusion dynamics from wild-type and laminin-deficient zebrafish embryos then showed that the spatiotemporal dynamics of differentiation in both wild-type and laminin-deficient embryos can be explained by lateral inhibition mediated by basal protrusions. Importantly, the mathematical model predicts that the experimental differences in neuronal patterning observed between wild-type and laminin-deficient embryos can be explained by the differences in the length of their basal protrusions. Finally, the mathematical model strongly suggests that only Delta-Notch signaling via basal protrusions can recapitulate the in vivo spatiotemporal patterning of neuronal differentiation. Including soma-to-soma lateral inhibition (either with or without basal protrusion signaling) leads to patterning that does not match in vivo observations (Hadjivasiliou et al., 2019). This is consistent with basal protrusions being the main mechanism that regulates both the position and timing of spinal cord neuron differentiation. We speculate that controlling the timing and position of neuronal differentiation in the spinal cord may be important for neuronal circuit formation, by allowing only a certain number of neurons to join or form a circuit at a certain time. Importantly, these studies, together with those on the pattern of SOPs on the fly’s notum, show that similar protrusion-mediated lateral inhibition mechanisms occur in diverse nervous systems, suggesting similar long-distance lateral inhibition mechanisms may pattern cell differentiation in many nervous systems.



CONCLUSION

In this brief article, we summarize the evidence that a variety of different cellular protrusions can mediate long-distance signaling to control tissue patterning or long-distance communication. By focusing on the evolutionarily diverse systems that generate the sparse pattern of SOP differentiation in the fly notum and the spatiotemporal pattern of spinal neuron differentiation in the vertebrate spinal cord, we suggest protrusion-mediated Delta-Notch signaling may be a widespread mechanism of spatial patterning in the nervous system.

Long-distance patterning in the nervous system and elsewhere can also be achieved through diffusion of ligands in the manner of the classic morphogen hypothesis. So what might be the advantage of protrusion-mediated signaling? Two possibilities could be considered. One is that protrusions introduce the possibility of precisely controlling the directionality and range of the signal. In the case of the basal protrusions on newly differentiating spinal neurons, the main branches of the protrusions are strictly directed along the anterior and posterior axes (Hadjivasiliou et al., 2019). Although secondary smaller twigs may deliver signals in other directions, the main branches will clearly bias the extended range of signals, along particular anteroposterior channels. The finite length and transient nature of the protrusions additionally limit the range of the signal in time and space.

A second potential advantage is that protrusions offer the possibility of adding selectivity among the cells targeted to receive the signal. Thus, if the target region is a heterogeneous group of cells, cell recognition signals could specify which cells within range to connect with and which to avoid. In some systems, the signals transported by the cytoneme (ligand, receptors, or both) are specific to the type of protrusion and are also responsible for their formation (Roy et al., 2011; Du et al., 2018). The specific interactions between protrusions and target cells clearly depend on the presence of relevant ligands and receptors, but how specificity of interactions is achieved is not entirely clear. In the case of the differentiating spinal neurons, the basal protrusions may potentially contact neural progenitors with different dorsoventral specifications, but additional molecular recognition signals could restrict the delivery of signals to progenitors of a particular dorsoventral identity and thus regulate spatiotemporal pattern in a specific neuronal subtype. There is increasing evidence that signaling through cytonemes requires synaptic components (Huang et al., 2019; Junyent et al., 2020). For example, cytoneme-mediated Wnt signaling between trophoblast stem (TS) cells and embryonic stem (ES) cells was found to be stabilized by the development of synapse-like contacts between the ES cell cytonemes and the Wnt ligand expressing TS cells. The results show cytoneme contacts can select between different Wnt ligands and suggest stabilized cytoneme contacts depended on glutamate receptor–mediated Ca transients (Junyent et al., 2020). This and other work (Kornberg and Roy, 2014) raise the possibility that protrusion-mediated lateral inhibition in the fly and fish nervous system might also use synapse-like contacts to enable cell-specific signaling.
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Kolmer–Agduhr (KA) cells are a subgroup of interneurons positioned adjacent to the neurocoele with cilia on the apical surface protruding into the central canal of the spinal cord. Although KA cells were identified almost a century ago, their development and functions are only beginning to be unfolded. Recent studies have revealed the characteristics of KA cells in greater detail, including their spatial distribution, the timing of their differentiation, and their specification via extrinsic signaling and a unique combination of transcription factors in zebrafish and mouse. Cell lineage-tracing experiments have demonstrated that two subsets of KA cells, named KA’ and KA” cells, differentiate from motoneuronal progenitors and floor-plate precursors, respectively, in both zebrafish and mouse. Although KA’ and KA” cells originate from different progenitors/precursors, they each share a common set of transcription factors. Intriguingly, the combination of transcription factors that promote the acquisition of KA’ cell characteristics differs from those that promote a KA” cell identity. In addition, KA’ and KA” cells exhibit separable neuronal targets and differential responses to bending of the spinal cord. In this review, we summarize what is currently known about the genetic programs defining the identities of KA’ and KA” cell identities. We then discuss how these two subgroups of KA cells are genetically specified.

Keywords: Kolmer–Agduhr cells, cerebrospinal fluid-contacting neurons, transcription factors, transcriptional regulatory network, GABAergic interneuron


INTRODUCTION

Kolmer–Agduhr (KA) cells are a group of cerebrospinal fluid (CSF)-contacting neurons (CSF-cNs). The term KA cell was first proposed by N. Dale et al. in 1987 (Dale et al., 1987b) to name a class of neurons that lie in the ventrolateral spinal cord and contact the cerebrospinal fluid in frog embryos (Roberts and Clarke, 1982); even earlier observations of cells with KA cell morphologies were made by Kolmer and Agduhr, who observed and described them in the spinal cords of most classes of vertebrates (Kolmer, 1921, 1925, 1931; Agduhr, 1922; Vigh-Teichmann and Vigh, 1983). Using antibodies against the neurotransmitter γ-aminobutyric acid (GABA) and an enzyme glutamic acid decarboxylase (GAD), numerous studies have reported the anatomy of KA cells in greater detail, including their axonal projection patterns, their appearance during development, and their distribution and organization in frogs (Dale et al., 1987a, b; Binor and Heathcote, 2001) and zebrafish (Bernhardt et al., 1992). For example, in frog (Xenopus laevis) embryos, KA cell have a pear-shaped soma (Roberts and Clarke, 1982). These GABA-positive KA cells distribute in the ventral part of the spinal cord in two orderly rows adjacent to the neurocoele (Dale et al., 1987b). There are numerous microvilli and one or two cilia on the apical surface of KA cells that project into the central canal of the spinal cord (Roberts and Clarke, 1982; Binor and Heathcote, 2001). Differentiated KA cells first appear at stage 25, and then one cell is continuously generated every 12 min on each side of the spinal cord (Dale et al., 1987b).

According to the location and origin of KA cells in zebrafish, two subsets of KA cells termed KA’ and KA” have been distinguished. KA” cells are distributed in the lateral floor plate (LFP), while the relatively dorsal KA’ cells localize in the motoneuron progenitor (pMN) domain (Park, 2004; Shin et al., 2007; Yang et al., 2010). Cell fate-mapping experiments showed that all KA’ cells are derived from Olig2+ precursors in the pMN domain (Park, 2004), while KA” cells differentiate from nkx2.2a+/nkx2.2b+/nkx2.9+ progenitors in the lateral floor plate (LFP). Most KA cells are born around 16.5 h postfertilization (hpf) in zebrafish (Schäfer et al., 2007; Yang et al., 2010; Huang et al., 2012).

Similar subsets of KA cells are observed in the mouse spinal cord, where these cells are named CSF-cN’ and CSF-cN” (Petracca et al., 2016). CSF-cN’ cells are derived from Nkx6+/Pax6+ progenitors positioned in the p2 neural progenitor domain and in the dorsal part of the oligodendrogenic (pOL) domain. In contrast, CSF-cN” cells originate from Nkx2.2+/Foxa2+ precursors in the boundary between the p3 neural progenitor domain and the floor plate. Most CSF-cN cells are born around embryonic days 13–14 (E13–E14) (Petracca et al., 2016).

Neurons with somata that have similar characteristics to those of KA cells in terms of shape, position, and/or expression of GABA have been reported in the lancelet (Vígh et al., 2004), lamprey (Meléndez-Ferro et al., 2003; Jalalvand et al., 2014), dogfish (Sueiro et al., 2004), eel and trout (Roberts et al., 1995), newt (Harper and Roberts, 1993), and macaque (Macaca fascicularis) (Djenoune et al., 2014). Based on these comparative histological data, vertebrate KA cells are thought to be derived from an ancient epithelial neuron-like ectodermal cell (Vígh et al., 2004). This notion was further supported by a recent discovery of KA cells in the marine annelid (Platynereis dumerilii) (Vergara et al., 2017). Notably, compared with KA cells in the lamprey (Jalalvand et al., 2014) and zebrafish (Djenoune et al., 2017), mouse KA cells do not produce somatostatin (Petracca et al., 2016). There are thus important differences in the molecular identities of KA cells that have evolved over time.

The functions of KA cells have puzzled researchers for almost a century. According to the location and morphology of KA cells; the suggested physiological roles of these cells are mechanosensory or chemosensory (Kolmer, 1921; Agduhr, 1922; Vigh-Teichmann and Vigh, 1983). One recent in vivo experiment has demonstrated that KA cells have a direct mechanosensory function to sense CSF flow via polycystic kidney disease 2-like 1 (Pkd2l1) channels in the zebrafish spinal cord (Sternberg et al., 2018). In addition, there is evidence that KA cells may play a role as mechanoreceptors and chemoreceptors due to their expression of an acid-sensing ion channel (ASIC3) in lampreys (Jalalvand et al., 2016).

Knowledge of the shared expression of transcription factors and GABA neurotransmitter in KA’/CSF-cN’ and KA”/CSF-cN” cells allows one to ask how their common identities are genetically programmed. In this review, we will describe the gene expression patterns of KA/CSF-cN cells and summarize progress in the quest to understand how KA cell fates are specified. Finally, we will discuss possible future directions to provide additional details of the genetic programs that define a KA/CSF-cN cell fate.



KA/CSF-CN CELLS ARE GABAERGIC INTERNEURONS

Several characteristics of KA cells are provided in Figure 1 and Table 1. Cells with similar characteristics to those of KA cells, such as expressing the genes encoding Gad2 (formerly Gad65)/Gad1 (formerly Gad67) enzymes for the synthesis of GABA from glutamate, as well as releasing GABA have been identified in the lamprey (Jalalvand et al., 2014, 2016), dogfish (Sueiro et al., 2004), zebrafish (Bernhardt et al., 1992; Yang et al., 2010), frog (Dale et al., 1987b), mouse (Djenoune et al., 2014; Orts-Del’Immagine et al., 2014; Petracca et al., 2016), rat (Kútna et al., 2014), and macaque (Macaca fascicularis) spinal cords (Djenoune et al., 2014). Collectively, these findings demonstrate that KA cells are GABAergic interneurons that exhibit a long ascending ipsilateral axon. Of note, expressions of genes encoding somatostatin (sst), urotensin II-related peptides 1 (urp1) and 2 (urp2), and serotonin (5-hydroxytryptamine, 5-TH) are observed in lamprey (Jalalvand et al., 2014), dogfish (Sueiro et al., 2004) and zebrafish KA cells (Quan et al., 2015) (Djenoune et al., 2017), suggesting that KA/CSF-cN cells may play a role in exerting neuroendocrine activities.
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FIGURE 1. Outline of Kolmer–Agduhr (KA)/cerebrospinal fluid (CSF)-contacting neuron (cN) cells in different species. (A) sox1a+ KA” cell at 24-hpf-labeled transiently by injection of a GFP reporter cassette [TgBAC (sox1a:eGFP)] in zebrafish embryos at one-to-two cell stage. (B,C) Lateral view (B) and cross-section (C) of a 24-hpf zebrafish embryo hybridized with a tal2 probe. (D) A scheme of a transverse section through the spinal cord of a frog embryo (stages 37–38). (E) A scheme of mouse CSF-cN cells (E14.5). N, notochord; CC, central canal. Scale bars: 25 μm in (A); 50 μm in (B,C).



TABLE 1. The characteristics of Kolmer–Agduhr (KA)/cerebrospinal fluid (CSF)-contacting neuron (cN) cells.
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SUBSETS OF KA/CSF-CN CELLS ARE DIFFERENTIATED FROM DIFFERENT DEVELOPMENTAL ORIGINS

KA cells are subdivided into the KA”/CSF-cNs” ventral subgroup and KA’/CSF-cNs’ dorsal subgroup in zebrafish (Yang et al., 2010), dogfish (Sueiro et al., 2004), mouse (Petracca et al., 2016), and rat (Kútna et al., 2014). Considering the distinct locations of each of these KA cells subtypes, it is hypothesized that KA’ and KA” cells are generated from different developmental origins. Based on cell fate mapping and clonal analysis, indeed, KA’ cells are distinguished as a subgroup of interneurons expressing olig2:EGFP+/GABA+ in zebrafish embryos, whereas KA” cells are found to be generated from LFP nkx2.2+/nkx2.9+ progenitors. Evidence supports that KA’ cells are differentiated from olig2+ progenitors. First, cell fate-mapping experiments have shown that in zebrafish, all KA’ cells are derived from the olig2+ precursors in the pMN domain, which also produces motoneurons (Park, 2004). Second, morpholino knockdown of olig2 abolishes cells expressing KA’ markers including tal2 and gad65/67 (Yang et al., 2010). In contrast, current evidence supports that KA” cells are differentiated from LFP nkx2.2+/nkx2.9+ progenitors. Specifically, nkx2.2+/nkx2.9+ progenitors divide both symmetrically and asymmetrically and form KA” cells in zebrafish embryos (Huang et al., 2012). In addition, morpholino knockdown of nkx2.2a, nkx2.2b, and nkx2.9 completely eliminates KA” cells expressing the markers gata2a, gata3, sox1a, sox1b, tal2, and gad65/67 in the LFP (Yang et al., 2010; Gerber et al., 2019). Furthermore, a subset of KA” cells expressing tal2+/nkx2.2b+ differentiates into sim1+/huC/D+ V3 interneurons, and thus, tal2+/nkx2.2b+ cells are postulated to be p3 neural progenitor cells (Schäfer et al., 2007). This notion has been further supported by a recent report that shows that in gata2a mutants, KA” cells lose their identities, and that there is a concomitant increase in the number of cells expressing the V3-specific gene, single-minded homolog 1a (sim1a), which encodes a leucine zipper/PAS transcription factor gene single-minded homolog 1a (Andrzejczuk et al., 2018).

To determine the developmental origins of KA cells in mouse, newly born Pkd2l1-expressing CSF-cN cells have been mapped in relation to the domains marked by transcription factors including Nkx6.1, Pax6, Nkx2.2, and Olig2. These experiments have shown that 70% of CSF-cN’s arise from the Nkx6.1+/Pax6+ progenitors located dorsal to Olig2+ ventricular cells, (which marks the p2 neural progenitor domain), whereas the other 30% of these cells are differentiated from the dorsal half of the Olig2+ pOL domain; in contrast, CSF-cN”s were found to originate from the Nkx2.2+/Foxa2+ cells positioned in the floor plate (Petracca et al., 2016). Taken together, the current evidence supports that at least two subgroups of KA/CSF-cN cells develop from distinct progenitors in zebrafish and mouse. Of note, regardless of the different origins of CSF-cN’ and CSF-cN” cells in Ascl1-deficient mice, both of these CSF-cN subtypes fail to differentiate, and CSF-cN precursors are instead converted into non-neuronal ependymocytes (Di Bella et al., 2019), suggesting that Ascl1 may play a role as a selector for controlling the fate of CSF-cN cells and ependymocytes in mouse.



TRANSCRIPTION FACTORS DRIVING THE IDENTITIES OF KA/CSF-CN CELLS

To better understand how KA/CSF-cN cells are generated, several studies have made progress by investigating the genetic programs that regulate KA cell development. Currently, at least 10 transcription factors have been identified to be involved in specifying KA/CSF-cN cells in zebrafish and/or mouse.

Nkx2.2 and nkx2.9 each contain highly conserved homeobox and NK2-specific domains and belong to the family of class II transcription factors. Zebrafish have two nkx2.2 genes, namely, nkx2.2a and nkx2.2b (Schäfer et al., 2005). The spatial expressions of nkx2.2a, nkx2.2b, and nkx2.9 are restricted to the LFP (Schäfer et al., 2005) (Yang et al., 2010). In the zebrafish LFP, there are at least three different cell groups positioned along the anteroposterior axis. One of these subgroups has been identified as KA” cells and expresses nkx2.2a, nkx2.2b, nkx2.9, and tal2. The functions of Nkx2.2a, Nkx2.2b, and Nkx2.9 are necessary for guiding the identity of gad65/67 expressing KA” cells in a functionally redundant manner (Yang et al., 2010). The second subgroup of cells expressing nkx2.2a and nkx2.9 are thought to be undifferentiated LFP progenitor cells. Differentiated KA” cells downregulate the expressions of nkx2.2a and nkx2.9 (Huang et al., 2012). The third subgroup of tal2+/nkx2.2b+ cells differentiates into sim1+ V3 postmitotic interneurons (Schäfer et al., 2007). Morpholino knockdown experiments have revealed that nkx2.2a and nkx2.2b are required for the formation of LFP cells, but are not essential for defining tal2+/nkx2.2b+ cells. Furthermore, cells expressing foxa2 and nkx2.2b represent the non-neuronal floor plate cells and proliferate during early neurogenesis (Schäfer et al., 2007).

In mouse, CSF-cN” cells express Nkx2.2 and Foxa2; however, they do not express Lmx1b, a marker of the non-neurogenic floor plate, or Pax6, suggesting that Pkd2l1+ CSF-cN” neurons developed from the boundary between the p3 ventricular zone and the floor plate (Petracca et al., 2016). Nkx2.2 is expressed in CSF-cN” cells, but it is not essential for the differentiation of Pkd2l1+ CSF-cN” cells because no difference is observed in the number of Pkd2l1+ KA” cells in Nkx2.2 mutants compared to that in controls (Petracca et al., 2016). One possible explanation for this result is that there is functional redundancy of Nkx2.2 and Nkx2.9 for specification of Pkd2l1+ CSF-cN” cells, as found in zebrafish. However, whether these different cell types exist in the mouse LFP remains unclear.

There are two nkx6 homologs in zebrafish, named nkx6.1 and nkx6.2. They are each expressed in the ventral spinal cord, including within the floor plate and pMN domain. In the absence of Nkx6.1 and Nkx6.2 proteins, middle primary motoneurons (MiPs) develop a hybrid phenotype consisting of morphological characteristics of both motoneurons and interneurons; however, the number of GABA-positive cells produced from the pMN domain and LFP do not change (Cheesman, 2004; Hutchinson et al., 2007). In mouse, Nkx6.1 is expressed by both CSF-cN’ and CSF-cN” cell progenitors. CSF-cN’ and CSF-cN” cells are derived from Nkx6.1+/Pax6+ and Nkx6.1+/Nkx2.2+/Foxa2+ progenitors, respectively, but the functions of Nkx6.1 in the specification of CSF-cN subtypes have not yet been reported.

Gata2a and gata3 belong to the C4 zinc-finger family and are expressed by the V2b, V2s, KA”, and KA’ cells in zebrafish (Batista et al., 2008; Gerber et al., 2019; Yang et al., 2010). Morpholino knockdown of gata3 eliminates KA’ cell formation (Yang et al., 2010). Consistent with this finding, several KA’ markers, including tal2, gad65/67, pkd2l1, and sst1.1 are completely abolished in gata3 mutants (Andrzejczuk et al., 2018), suggesting that Gata3 is required for specifying KA’ cells. While knockdown of gata2a dramatically reduces gad65/67-expressing KA” cells, the expressions of several KA” markers, including gata3, tal1, sox1a, gad65/67, pkd2l1, and urp1 are eliminated in gata2a mutants (Yang et al., 2010) (Andrzejczuk et al., 2018). These data suggest that gata2a and gata3 denote distinct regulatory networks for specifying KA” and KA’ cells, respectively, despite gata2a and gata3 being expressed in both KA” and KA’ cells. In mouse, CSF-cN cells are identified as late born neurons appearing at E14.5 and express Gata2, Gata3, Pkd2l1, and Pkd1l2; however, the functions of Gata3 and Gata2 in CSF-cN cells have not yet been reported (Petracca et al., 2016).

Olig2, a basic helix–loop–helix (bHLH) transcription factor, plays a pivotal role in oligodendrocytic and motoneuronal differentiation. Olig2 is expressed in proliferative ventral neuronal precursors, primary motoneurons, and oligodendrocytic progenitors in zebrafish (Park, 2004). Cell tracking experiments have suggested that all KA’ cells are differentiated from the Olig2+ progenitors in zebrafish and that the function of Olig2 is required for the production of KA’ cells from progenitors in the pMN domain (Park, 2004; Yang et al., 2010). In mouse, nearly 70% of CSF-cN’ cells are produced from progenitors with a p2 identity, whereas only 30% originate from the Olig2+ cells. One possible explanation is that Olig2 may be transiently expressed by p2 progenitors, but that CSF-cN’ cells differentiate several days later. Hence, it remains to be determined whether Olig2 plays a role in the development of mouse CSF-cN’ cells.

Tal1 and tal2 belong to the family of bHLH transcription factors. Both of tal1 and tal2 share 50% identical amino acids and are expressed by KA,” KA,’ and V2b cells in zebrafish (Andrzejczuk et al., 2018; Pinheiro et al., 2004; Yang et al., 2010). Genetic inhibition of tal1 in homozygous tal1 mutants abolishes the expressions of gata3, gata2a, tal2, sox1a, sox1b, gad65/67, pkd2l1, and sst1.1 in KA’ cells, whereas knockdown of tal2 causes a reduction in the KA” markers, gad65/67 expression (Andrzejczuk et al., 2018; Yang et al., 2010), even though tal1 and tal2 are expressed in both KA” and KA’ cells. This suggests that tal1 and tal2 may combine with different transcription factors and form a distinct regulatory network to differentially specify KA” and KA’ cells.

Sox1a and sox1b belong to group B of the Sox gene family and share 86% amino acid sequence identity. Sox1a and sox1b are expressed by KA,” KA,’ V2b, and V2s interneurons in zebrafish (Andrzejczuk et al., 2018) (Gerber et al., 2019). Knockdown of sox1a and sox1b results in a significant increase in the expression levels of V2b markers, including tal2, gata2a, gata3, and gad65/67 in the V2 domain, whereas markers for KA cells are unaffected. In agreement with this finding, sox1a and sox1b mutants only affect the expression levels of V2b markers (Gerber et al., 2019), indicating that sox1a and sox1b are expressed by KA cells, but that they are dispensable for KA cell specification. In mouse, Sox1, the ortholog of zebrafish sox1a and sox1b, is expressed in the ventricular progenitor zone in the spinal cord and in V2c interneurons. In the absence of Sox1, V2c interneurons become reprogrammed toward the V2b cell fate, suggesting that Sox1 is essential for the specification of the V2c interneuronal fate (Panayi et al., 2010). However, it remains to be determined whether the function of Sox1 plays a role in specifying CSF-cN cells in mouse.

Ascl1, a bHLH transcription factor, is expressed by the CSF-cN lineage and plays an important role in CSF-cN development (Di Bella et al., 2019). In mice lacking Ascl1, expressions of Gata2, Gata3, Pkd2l1, and Pkd1l2 in CSF-cN cells are abolished, and prospective CSF-cN progenitors instead adopt the morphology of central canal ependymocytes. Remarkably, simultaneous knockdown of ascl1a and ascl1b in zebrafish results in a reduction (∼40%) of pkd2l1+ KA cells without eliminating either KA’ or KA” cells, suggesting that the activity of Ascl1 in defining the identities of KA/CSF-cN cell identity in zebrafish differs from that in mouse, the latter of which is fully dependent on Ascl1.

Pax6 is a member of transcription factors containing a paired box. In mouse, Pax6 is expressed by most dorsal subgroups of Pkd2l1+ CSF-cN’ cells, and the expression of Pax6 is sharply downregulated during CSF-cN’ neurogenesis (Petracca et al., 2016). In the absence of Pax6, the number of Pkd2l1+ CSF-cN’ cells is almost entirely diminished, whereas the number of CSF-cN” cells positive for Pkd2l1, Nkx2.2, and Foxa2 remain unchanged, suggesting that Pax6 is only required for specifying Pkd2l1-expressing CSF-cN’ cells (Petracca et al., 2016). Despite these findings in mouse, it remains unclear whether Pax6 plays a similar role in specifying KA’ cells in zebrafish.



TRANSCRIPTION FACTORS THAT ARE NOT EXPRESSED IN KA CELLS BUT ARE INVOLVED IN THEIR SPECIFYING

Islet1 is a member of the subfamily of LIM homeobox genes, a class of genes that control cell-fate programs in vertebrates. Zebrafish islet1 is expressed by motoneurons and plays a prominent role in motoneuronal development (Hutchinson, 2006). Dorsally projecting MiPs express islet1. KA’ cells do not express islet1; however, knockdown of islet1 significantly increases the number of GABA-expressing ventrolateral descending (VeLD) interneurons and KA’ cells, without disrupting the number of GABA-expressing cells at the location in which KA” cells are normally located (Hutchinson, 2006). Consistent with this finding, misexpression of Islet1 significantly reduces the number of GABA-expressing VeLD (V2b) interneurons and KA’ cells, whereas the number of cells in the KA” position is not changed compared with that in the control (Hutchinson, 2006). A possible explanation for this phenomenon is that zebrafish Iselt1 may function to promote the formation of primary motoneuron formation and mediate a switch between motoneuronal and interneuronal fates in the pMN domain. Although this study only determined the number of GABA-expressing KA and VeLD cells in the absence or misexpression of Iselt1, several other lines of evidence support the idea that KA’ cells, but not the VeLD interneurons, may be the target of iselt1-mediated patterning. First, KA’ cells are derived from Olig2+ progenitors positioned in the pMN domain, and the activity of Olig2 is required for KA’ cell specification (Park, 2004; Yang et al., 2010). Second, the effects of misexpression of islet1 is limited to a subset of interneurons produced from the pMN domain (Hutchinson, 2006). Third, VeLD/V2b interneurons express lhx3 but not islet1 (Appel, 1995). Fourth, the number of V2b is unchanged in the absence of Olig2, whereas a lack of Olig2 abolishes nearly all primary motoneurons expressing islet2, as well as nearly all KA’ cells (Park, 2004; Yang et al., 2010).

Lhx3 and lhx4 genes belong to the family of LIM homeodomain transcription factor and play pivotal roles in motoneuronal and interneuronal differentiation. In the absence of lhx3 and lhx4, primary motoneurons develop a hybrid identity in which islet-expressing neurons coexpress GABA and gad, and form ipsilateral ascending axons, a characteristic property of the KA’ cells (Seredick et al., 2014). Evidence supports the idea that Lhx3 and Lhx4 may regulate Notch signaling, which in turn promotes the expression of gad in primary motoneurons. Forced-expression experiments have demonstrated that Lhx3 promotes the specification of circumferential descending (CiD) interneurons, (also known as V2a interneurons) at the expense of KA’ cells. Although lhx3 and lhx4 are not expressed in KA’ cells, Lhx proteins can regulate the expression levels of gad and GABA in primary motoneurons and influence axonal projections to acquire the phenotype of ipsilaterally ascending axons (Seredick et al., 2014).



POTENTIAL MARKERS OF KA/CSF-CN CELLS


Pkd1l2a and Pkd2l1

The polycystic kidney disease (PKD) gene family encodes transmembrane proteins that share a conserved polycystin-cation-channel domain. Several lines of evidence support that genes encoding PKD 1-like 2a (pkd1l2a) and pkd2l1 are expressed by all KA” and KA’ cells in zebrafish embryos (Djenoune et al., 2014; England et al., 2017), while Pkd2l1 is also expressed in mouse and macaque KA cells (Djenoune et al., 2014). Approximately 15% of PKD2L1+ KA cells are GABA/GAD67 negative in the adult mouse spinal cord. PKD2L1+ KA cells are not serotonergic (5-HT) or catecholaminergic [marked by tyrosine hydroxylase (TH) expression] (Djenoune et al., 2014). A potential explanation for this discrepancy may be due to differences in embryonic and adult tissues. In vivo experiments suggest that pkd2l1 is required for KA cells to detect CSF flow in zebrafish embryos; however, Pkd2l1 is not required for KA cell differentiation (Sternberg et al., 2018).



KA’/CSF-CN’ AND KA”/CSF-CN” CELLS SHARE COMMON TRANSCRIPTION FACTORS BUT DIFFER IN TERMS OF THEIR REGULATORY NETWORKS

We and others have shown that KA’ and KA” cells share a group of transcription factors including gata2a, gata3, tal1, tal2, sox1a, and sox1b in zebrafish embryos (Yang et al., 2010; Andrzejczuk et al., 2018; Gerber et al., 2019). However, the genetic programs regulating KA’ and KA” development are distinct from one another. Morpholino knockdown analyses have indicated that gata3 is required for KA,’ but not KA” cell specification, whereas gata2a and tal2 are indispensable for specification of KA” but not KA’ cells (Yang et al., 2010). Consistent with these results, analyses of tal1, gata2a, and gata3 mutant have demonstrated that Gata2a is required for specifying KA” cell identity, and that Gata3 and Tal1 are required for defining KA’ cell fate (Andrzejczuk et al., 2018). Deficiency of gata2a results in a loss of cells in the LFP (where KA” cells are generated) that expresses gata3, tal2, tal1, sox1a, sox1b, gad65/67, urp1, and pkd2l1, but not a loss of such cells in the dorsal spinal cord where KA’ cells normally form (Yang et al., 2010; Andrzejczuk et al., 2018; Gerber et al., 2019) (Yang et al., unpublished observations). In addition, a significant increase in the number of slc17a6a/b and sim1a-expressing cells is observed in gata2a mutant (Andrzejczuk et al., 2018), suggesting that at least some KA” cells shift to become V3 interneurons or adopt a hybrid V3/KA” fate in the absence of gata2a. Further investigation has revealed that knockdown of tal2 eliminates the expression of gad65/67 in KA” cells, whereas the expressions of gata2a and gata3 in KA” cells are unchanged. Taken together, current evidence suggests that gata2a acts upstream of tal2 and sox1a in KA” cells, which in turn drive the expressions of gad65/67, urp1, and pkd2l1 in KA” cells.

In the absence of Gata3 protein, KA’ cells that express gata2a, tal1, tal2, sox1a, sox1b, gad65/67, sst1.1, and pkd2l1 are abolished, whereas there is no change in the number of KA” cells expressing gata2a, tal1, tal2, sox1a, sox1b, gad65/67, sst1.1, and pkd2l1 (Yang et al., 2010; Andrzejczuk et al., 2018; Gerber et al., 2019) (Yang et al. unpublished observations). Similarly, in tal1 mutants, expressions of gata2a, tal2, sox1b, gad65/67, sst1.1, and pkd2l1 in KA’ cells are completely abolished, and gata3 and sox1a-expressing KA’ cells are dramatically reduced. In contrast, there is no effect on the number of KA” cells (Andrzejczuk et al., 2018). Furthermore, an increase in the number of phosphor-histone H3-positive/olig2-positive cells positioned in the pMN domain (where KA’ cells are generated) is observed in both gata3 and tal1 mutants, suggesting that loss of the function of Gata3 and/or Tal1 may promote cells to become mitotically active precursors, which in turn block/delay KA’ cell differentiation. Similarly, Gata2/3 are expressed in mouse CSF-cN’ and CSF-cN” cells, although expressions of Tal1 and Tal2 were not examined in this study (Petracca et al., 2016). Gene function analysis demonstrates that Pax6 is exclusively required for the production of CSF-cN’ cells from progenitors in the p2-pOL domain. In contrast, Nkx2.2 is dispensable for the production of CSF-cN” cells despite CSF-cN” cells expressing Nkx2.2. Despite these recent findings, further studies are needed to elucidate the functions of Gata2, Gata3, Tal1, and Tal2 in regulating the CSF-cN cell differentiation in mouse.



SPECIFICATIONS OF KA’/CSF-CN’ AND KA”/CSF-CN” CELLS ARE DIFFERENTLY REGULATED BY HEDGEHOG AND DELTA-NOTCH SIGNALING

Hedgehog signaling plays a pivotal role in defining the KA” cell fate in a concentration- and duration-dependent manner (Strähle et al., 2004; Schäfer et al., 2007; Huang et al., 2012). Loss of sonic hedgehog (Shh) signaling in homozygous mutants of the ligand Shh (sonic-you, syu), the signal transducer smoothened (slow-muscle-omitted, smo), and the transcription factors Gli1 (detour, dtr) and Gli2 (you-too, yot) completely eliminates expressions of several markers, namely, nkx2.2a, nkx2.2b, nkx2.9, and tal2 in the LFP and in KA” cells (Yang et al., 2010) and Yang et al., unpublished observations) (Schäfer et al., 2007). In contrast, the expression of tal2 in KA” cells is normal in heterozygous dtr and yot mutants (Schäfer et al., 2007), suggesting that compared with those in nkx2.2b+/foxa2+ LFP cells, relatively lower levels of hedgehog activity are required for forming KA” cells (Nkx2.2b+/Tal2+) and Sim1-positive V3 interneurons in zebrafish (Schäfer et al., 2007). In agreement with this, the LFP progenitors remain responsive to hedgehog, whereas differentiated KA” cells lose their responses (Huang et al., 2012). Further evidence indicates that forced expression of Gli1 reduces the number of KA” cells and increases in nkx2.9-expressing LFP cells, suggesting that termination of hedgehog signaling is essential for KA” cell differentiation (Huang et al., 2012). In addition, activation of hedgehog signaling by ectopic expression of Shh or the dominant-negative form of PKA mRNA induces numerous tal2-expressing KA” cells, as well as dorsally located KA’ cells (Huang et al., 2012). Intriguingly, expression of tal2 in more dorsally located cells, which might represent KA’ cells and V2b interneurons, is unaffected in the absence of Gli2 (Schäfer et al., 2007). This phenomenon appears to hold true in embryos incubated in cyclopamine from the shield stage to the 22 somite stage, in which tal2-positive KA” cells are completely eliminated, whereas the tal2-positive KA’ cells are not, and V2b interneurons also likely exist (Schäfer et al., 2007). These results suggest that hedgehog signaling may play differential roles in specifying KA” and KA’ cells.

Comparative studies suggest that the functions of hedgehog signaling in mouse differ from those in zebrafish (England et al., 2011). Hedgehog signaling is required to induce both V3 interneurons in the p3 domain and some motoneurons in the pMN domain. Loss of Shh signaling in mouse results in severely decreased numbers of V1 and V0v cells, in which case only a few V2 interneurons form, and there is a complete elimination of motoneurons. Additionally, a lack of hedgehog signaling in zebrafish embryos results in most V3 domain cells not forming and motoneurons being dramatically reduced (England et al., 2011). However, it is unclear whether hedgehog signaling plays a role in defining the CSF-cN identities in mouse.

Notch signaling has been implicated in KA cell development (Schäfer et al., 2007; Shin et al., 2007; Yeo and Chitnis, 2007; Huang et al., 2012). Absence of Notch signaling in the zebrafish mutant, mindbomb (mib), which encodes an E3 ubiquitin ligase and is necessary for efficient Notch signaling (Itoh et al., 2003), results in loss of both LFP and KA” cells (Schäfer et al., 2007; Yeo and Chitnis, 2007). In addition, early blocking of Notch signaling by expressing a dominant-negative form of Xenopus suppressor of Hairless [Su(H)] or inhibitors at 7 hpf leads to a reduction in the number of KA” cells, as that observed in the mib mutant (Schäfer et al., 2007; Yeo and Chitnis, 2007; Huang et al., 2012). Inhibition of Notch signaling from 10 to 25 hpf results in a significant increase in the number of tal2-expressing KA” cells at the expense of nkx2.9-expressing FLP cells (Huang et al., 2012). Conversely, activation of Notch signaling by the induced Notch intracellular domain (NICD) at 10 hpf almost completely eliminates tal2-expressing KA” cells, but increases the LFP cells expressing nkx2.9 (Huang et al., 2012). In contrast, blocking Notch signaling at 17 hpf does not affect the number of KA” cells (Yeo and Chitnis, 2007). Furthermore, knockdown of Jagged2, a ligand of Notch receptors, causes a significant increase in the number of KA” cells and secondary motor neurons (SMNs), as well as a significant decrease in the rate of cell division. These data suggest that Jagged2-mediated signaling is not only required to maintain a group of dividing precursors, but that it also plays a role in regulating the number of KA” cells. Notch signaling also plays a pivotal role in specifying KA’ cells. In the absence of Notch signaling, primary motoneurons are formed at the expense of KA’ cells. In contrast, an excess of Notch signaling induces KA’ cell formation at the expense of PMNs in zebrafish, suggesting that Notch signaling promotes KA’ cell identity and inhibits primary motoneuronal fate (Shin et al., 2007). These lines of evidence support that Notch signaling plays an essential role in KA cell differentiation. Hence, specification of KA” cells initially depends on the activation and then the attenuation of both Notch and hedgehog signaling (Huang et al., 2012).



THE TRANSCRIPTIONAL REGULATORY LOGIC THAT DRIVES KA/CSF-CN IDENTITY

Based on findings by our lab and other research groups (Park, 2004; Yeo and Chitnis, 2007; Yang et al., 2010; Petracca et al., 2016; Andrzejczuk et al., 2018; Di Bella et al., 2019; Gerber et al., 2019), here, we summarize the regulatory network guiding the KA/CSF-cN differentiation and identity (see Figure 2). Considering that KA/CSF-cN cells are GABAergic neurons, we summarize the transcriptional regulatory network guiding GABAergic neuronal identity in the mouse telencephalon, midbrain, hindbrain, and dorsal spinal cord (Figure 2). A line of evidence supports that the genetic program guiding GABAergic fate is likely dependent on multiple transcription factors in different regions, rather than by universal regulators that govern differentiation of all GABAergic neurons (Achim et al., 2014; Hobert and Kratsios, 2019). Furthermore, there is conceivable evidence supporting that differences in the transcription regulatory networks controlling generation of the diversity of GABAergic neurons may depend on the respective selector gene being either selectively antagonized by a repressor and/or assisted by region-specific cofactors (Hobert and Kratsios, 2019). Nevertheless, transcription factors including proneural genes (e.g., Ascl1, Helt) and postmitotic subtype selector genes (e.g., Gata2, Gata3, Tal1, and Tal2) appear to be repeatedly employed for driving GABAergic identity in mouse. In particular, functions of PTF1A and GATA2/TAL1 have been demonstrated to play a role as a GABAergic, rather than glutamatergic selectors in the dorsal and ventral spinal cord, respectively. In addition, Dlx1/2, Gata2, and Gata2/Tal2 have been suggested to play roles as selectors for GABAergic neuronal identity in the mouse telencephalon, diencephalon, and midbrain, respectively (Achim et al., 2014; Figure 2).


[image: image]

FIGURE 2. Gene regulatory network leading to differentiation of GABAergic interneurons. Of note, arrows do not necessarily reflect direct interactions between genes or proteins. The BioTapestry was used for building the GRN (http://www.biotapestry.org/).


KA’ and KA” cells share a class of the transcription factors, including gata2, gata3, tal1, tal2, sox1a, and sox1b, despite these cellular subtypes having different developmental origins. This is in agreement with observations that similar neurons, such as dopaminergic and GABAergic neuronal classes with distinct lineages, appear to be specified by the same terminal selector type transcription factors in C. elegans (Gendrel et al., 2016). We surmise here, as suggested via terminal selectors elucidated previously (Hobert, 2016) that gata3/tal1 and gata2/tal2 may serve as terminal selectors controlling KA’ and KA” differentiation, respectively, by combining cis-regulatory motifs associated with gad1/2 and/or pkd2l1/pkd1l2 genes in zebrafish. Gata3 and tal1 are expressed in KA’ and KA” cells; however, genetic removal of gata3 and tal1 only leads to a failure of KA’ to be differentiated from precursors. Similarly, gata2/tal2 are expressed in both KA’ and KA” cells, but genetic removal of gata2 and tal2 only leads to a failure of KA” cells to acquire a GABAergic identity (Yang et al., 2010; Andrzejczuk et al., 2018). This is consistent with the function of Gata2 in specifying GABAergic identity in the mouse midbrain and in rhombomere 1. Gata2 is required for GABAergic neuronal differentiation in the midbrain. However, expressions of the GABAergic marker genes, Gata3 and Gad1, in GABAergic precursors of rhombomere 1 are not altered in the Gata2 mutants (Kala et al., 2009). The most likely explanation for these observations is that the differences in the cooperation of gata3/tal1 and gata2/tal2 for specifying the KA’ and KA” cell identity may be related to the different lineages of KA’ and KA” cells. Gata3 may cooperate with the cofactor tal1 to define KA’ identity. In line with this hypothesis, deficiency of tal1 phenocopies the characteristics of gata3 mutants, including the elimination of KA’ cells expressing gata2a, gata3, tal2, and gad1/2 (Andrzejczuk et al., 2018). Similar to findings in tal1 mutants, in the absence of gata3, expressions of gata2a, tal1, tal2, and gad1/2 are abolished in KA’ cells. In addition, deletion of tal1 phenocopies loss of expression of Tg(-8.1gata1-EGFP) in the V2b region observed in gata2a/gata3 double mutants, suggesting that gata2a and gata3 may cooperate with their cofactor, tal1, as a functional complex for specifying V2b interneurons in zebrafish (Andrzejczuk et al., 2018).

In mouse, both CSF-cN’ cells and V2b interneurons share the expressions of Gata2 and Gata3. However, evidence supports that CSF-cN’ cells are different from early born GATA2 and GATA3-expressing V2b interneurons. In contrast with the finding that Foxn4 is essential for V2b interneuronal specification, differentiation of CSF-cN’ cells is unchanged in the Foxn4 mutants. Moreover, the activity of PAX6 is indispensable for CSF-cN’ specification, but V2b interneurons are not affected in Pax6 mutant mice (Petracca et al., 2016).



DIFFERENCES BETWEEN KA/CSF-CN DIFFERENTIATION IN MOUSE AND ZEBRAFISH

Since the underlying mechanisms and signaling controlling the formations of the medial floor plate and LFP are different in mouse and zebrafish (Strähle et al., 2004), the genetic programs defining the identity of KA/CSF-cN cells may differ in these two vertebrate species. Indeed, in Ascl1-deficient mouse, CSF-cN cells fail to initiate differentiation, and the precursors are converted into ependymal cells. In contrast, in the knockdown of ascl1a and ascl1b, KA cells are still formed, despite a decrease in the numbers of KAs observed in zebrafish (Di Bella et al., 2019). Whether Ascl1 plays a similar role in differentiation of early born KA/CSF-cN cells in Xenopus and lamprey as that does in zebrafish remains to be elucidated. In addition, observations have shown that CSF-cN cells are differentiated only after a neurogenic-to-gliogenic switch of spinal precursors in mice, rats, and chicks (Petracca et al., 2016) (Kútna et al., 2014) (Di Bella et al., 2019). In contrast to findings in mouse, in zebrafish and Xenopus, KA cells are produced simultaneously with primary motoneurons and other interneurons.



DISCUSSION

Although it is currently known that gata3/tal1 and gata2/tal2 drive KA’ and KA” identities, respectively, in the zebrafish spinal cord, it remains unclear how gata3/tal1 and gata2/tal2 genes are selected and functionally define these two groups of KA cells despite all of these genes being expressed in both KA’ and KA” cells. In addition, at least some KA” cells change from a GABAergic identity to a glutamatergic V3 interneuronal identity or acquire a hybrid V3/KA” identity in gata2a mutant zebrafish. Furthermore, in the absence of both gata3 and tal1, an increase in the numbers of phosphor-histone H3-labeled precursors and olig2-positive cells is observed in the pMN domain, from which KA’ cells are produced, suggesting a failure of KA’ cells in terminal differentiation. Although gata2/3 and tal1/2 encode highly related proteins and act via both the distinct and redundant functions in the central nervous system and during hematopoietic development, it is not known how these genes are functional as selector genes and/or activators for exiting the cell cycle.



PERSPECTIVES

We currently know that gata2/3 and tal1/2 are critical for specifying KA’ and KA” cells, respectively, but the crucial details remain unknown as to how these two subgroups of KA cells that originated from two different progenitor domains are encoded at the genomic, epigenomic, and transcriptomic levels via transcription factors, particularly in terms of KA/CSF-cN cells that are present in all vertebrate species that have been studied. Based on a mechanistic understanding of this regulatory network, transient expression of ASCL1 and DLX2 is sufficient to convert human pluripotent stem cells exclusively into GABAergic neurons with characteristics of forebrain GABAergic neurons. Remarkably, a combination of Ascl1 and Dlx2 with other transcription factors, including Arx, Brn4, Ebf1, Gata2, Gbx1, Gsx2, Ikaros, Islet1, Lhx6, Lmo2, Lmo3, Meis1, Meis2, Oct6, Otp, Pbx1, and Ptf1a does not drive the cells to generate the different subtypes of GABAergic neurons (Yang et al., 2017), suggesting that much remains unknown regarding how these GABAergic cells are differentiated and specified. It has been indicated that regulatory elements as binding hubs are critical for regulating spatiotemporal gene expression patterns and cell lineage specifications. Although cis-regulatory control of gene expression is a complex process, dependent on distal sequences, spatial organization of the chromosome, and chromatin or epigenetic states and advances in genetics, genomics, and developmental neurobiology have helped to gain further insight into the genetically encoded wiring diagram that ultimately gives rise to KA/CSF-cN cells. In particular, single-cell RNA-sequencing methods have been demonstrated in characterizing cellular diversity and transcriptional regulation of the brain and spinal cord, shedding the new light on revealing the regulatory networks that specify KA/CSF-cN identities.
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Brain organoids are derived from induced pluripotent stem cells and embryonic stem cells under three-dimensional culture condition. The generation of an organoid requires the self-assembly of stem cells, progenitor cells, and multiple types of differentiated cells. Organoids display structures that resemble defined brain regions and simulate specific changes of neurological disorders; thus, organoids have become an excellent model for investigating brain development and neurological diseases. In the present review, we have summarized recent advances of the methods of culturing brain organoids and the applications of brain organoids in investigating neurodevelopmental and neurodegenerative diseases.
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INTRODUCTION

The current knowledge of the human brain is mostly based on post-mortem corpse brain specimens, mainly due to ethical issues. Animal models, including non-human primates, have several discrepancies compared to the human brain. These deficiencies have posed great challenges for studying the development of the human central nervous system (CNS) and related diseases (Adams et al., 2019). The advent and the rapid progress of stem cell technology, including human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), have provided new insights of human brain development and neurological diseases (Thomson et al., 1998; Takahashi and Yamanaka, 2006; Takahashi et al., 2007).

On the basis of stem cell technology, the emergence of three-dimensional (3-D) organoids has attracted great attention in regenerative medicine. Brain organoid is a type of organoid that reproduces specific brain structures and has been used to simulate different human brain regions, including the midbrain (Jo et al., 2016; Monzel et al., 2017), hippocampus (Sakaguchi et al., 2015), pituitary gland (Ozone et al., 2016), hypothalamus (Qian et al., 2016), and cerebellum (Muguruma et al., 2015). Thus, brain organoids become an excellent model for investigating brain development and the mechanisms of related diseases (Lancaster and Knoblich, 2014b; Kelava and Lancaster, 2016; Kretzschmar and Clevers, 2016; Di Lullo and Kriegstein, 2017; Benito-Kwiecinski and Lancaster, 2019). Very recently, with the advances of gene editing, single cell sequencing, and other cutting-edge technologies, new vitality has been injected into the field and has brought unprecedented possibilities for modeling neurological diseases in vitro.

In this review, we first summarized the new advances in culture techniques and generation protocols of brain organoids. We then highlighted the applications of brain organoids in investigating human brain development, neurological diseases, and cerebral toxicity exposure.



METHODOLOGICAL PROGRESS IN THE CULTURE OF BRAIN ORGANOIDS

To generate brain organoids, embryoid bodies (EBs) derived from human pluripotent stem cells (hPSCs) are generally embedded into an extracellular matrix (such as Matrigel) and then cultivated in a rotating bioreactor to promote tissue amplification and neural differentiation (Kadoshima et al., 2013; Qian et al., 2016). Some studies have also generated human cortical spheroids and organoids from pluripotent stem cells using a 3D culture system without embedding into extracellular matrices, and the neurons produced also display functional maturity and synaptogenesis (Pasca et al., 2015; Xiang et al., 2017). During culture, small molecules and growth factors are usually supplemented and promote hPSCs to form specific structures of the different brain regions (Qian et al., 2019). As the starting cell population, neural progenitors (Xu R. et al., 2019) and neuroepithelial stem cells (Monzel et al., 2017) are also used to generate organoids.


Prolonged Culture Time

Short time-cultured brain organoids mainly contain astrocytes, neurons, and neural stem/progenitor cells but usually lack mature oligodendrocytes and functional mature neurons. With longer culturing time, calcium activity can be detected after culturing for 50 days, and more cells display calcium activity (Pasca et al., 2015; Qian et al., 2016; Li et al., 2017). Spontaneous excitatory post-synaptic currents can also be detected in organoids cultured for 4 months (Li et al., 2017). The expression of the markers for mature astrocytes and neurons, synapses, and dendritic spines can be observed from organoids cultured for 6 months or longer (Quadrato et al., 2017). Long-term culturing not only promotes the maturation of neurons but also enhances the growth and differentiation of glial cells. It has been reported that brain organoids cultured for 229 days in vitro are filled with abundant glial cells positive for GFAP and GLT1 (Renner et al., 2017). Thus, long-term cultivation promotes the maturation of brain organoids and better captures the development of the human brain (Figure 1).
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FIGURE 1. Recent methodological advances in brain organoids. Multiple methods have been used to improve the maturation of brain organoids.




Sliced Brain Organoid Culture

Organotypic slice culturing has greatly improved the oxygen supply of organoid tissues and reduced the formation of hypoxic cores. In 2019, Lancaster’s group has adopted air–liquid interface culture techniques, which improve the survival rate of neurons and the growth of axons and promotes the formation of circuits and the output of functional neurons (Giandomenico et al., 2019). More recently, it has been found that sliced neocortical organoid system can promote the continuous neurogenesis and dilation of the cortical plate; the cortical plate has distinct upper and deep cortical layers, which captures the neocortex in late human pregnancy and eliminates the restriction of growth and diffusion of brain organoids to some extent (Qian et al., 2020). These results indicate that brain organoids sliced culture can be used to study human-specific advanced cortical development and disease-related mechanisms (Figure 1).



Culture on Microfluidic Chips

Microfluidic and engineering techniques have made great contributions to improving the repeatability and the uniformity of brain organoid cultures. The specificity performance of these technologies is that they can simplify the course of organoid cultures and provide better geometric constraints and environmental control (Ao et al., 2020). Microfluidic chips simplify the manufacturing process of brain organoids, and micro-pillar array devices have been used for in situ formation of plentiful brain organoids (Zhu et al., 2017). Brain organoids on-a-chip system exhibits definite neuronal differentiation, regionalization, and cortical tissue, which summarize the key features of early development of the human brain (Wang et al., 2018). This system has been applied to mimic brain wrinkling and to explore the effects of physical forces on the development of organoids (Karzbrun et al., 2018). Recently, a novel microfluidic platform with several unique advantages has been established (Ao et al., 2020). The device has combined in situ air–liquid interface culture to establish an integrated workflow and to support a one-stop assembly and culture platform for brain organoids (Ao et al., 2020). With the continuous advances and improvement of bio-engineering technology, brain organoid cultures can become a low-cost, short-time, and mass-culturable technology.



Vascularized Brain Organoids

Brain organoids generated by traditional methods usually lack microvasculature, which is considered to be detrimental to organoids. Under long-term culture conditions, the absence of the vascular system restricts oxygen and nutrient transporting to the innermost parts of brain organoids, therefore inducing apoptosis and cell death in the inner zones (Lancaster and Knoblich, 2014a; Yin et al., 2016; Heide et al., 2018). Furthermore, the lack of functional vasculature affects the differentiation and maturation of neuronal/glial progenitor cells (Shen et al., 2004). Vascularized human cortical organoids (vhCOs) are generated through ectopic expressing human ETS variant 2 (ETV2). Moreover, 20% of cells infected with ETV2 in hCO is optimal to form vhCOs. On day 30 of culture, CD31+ endothelial tubes appear, and a more complex network of CD31+ vessel structure is observed on day 70 (Shen et al., 2004). In addition, vhCO also has more obvious blood–brain barrier characteristics, manifested by the unique expression of tight junction markers (such as α-ZOI), astrocyte and pericyte proteins, and transporters (Cakir et al., 2019).

Very recently, another co-culture system of hPSCs and human umbilical vein endothelial cells has been used to generate vascularized organoids, which display a well-developed tubular vascular structure (Shi et al., 2020). Vascularized organoids show reduced apoptosis and hypoxia of cells and more synaptic connections and establish vascular connections after transplantation in vivo (Cakir et al., 2019; Shi et al., 2020).



Specialized Brain Organoids

With the advances of technologies, more types of cells, including oligodendrocytes (OLs) and interneurons, have been used to generate organoids. OLs are essential for brain development, including myelinating and electrically insulating neuronal axons for impulse propagation, as well as to provide nutrition and metabolic support to neurons. However, single-cell sequencing results indicate that regular cortical organoids lack oligodendrocyte progenitor cells (Quadrato and Arlotta, 2017; Sloan et al., 2017).

To overcome these issues, Madhavan et al. (2018) have exposed developed organoids to oligodendrocyte growth factors to induce oligodendrocyte progenitors and myelinating OLs in cortical spheroids. Promyelinating drugs can promote oligodendrocyte production and myelination and recapitulate the phenotypes of myelination defect diseases (Madhavan et al., 2018). Kim et al. (2019b) have applied the OLIG2-green fluorescent protein (GFP) stem cell reporter line to generate forebrain organoids, and the production of OLs can be monitored by GFP signal. With their protocol, the maturation of OLs is accelerated and can be observed as early as 9 weeks after organoid formation (Kim et al., 2019b). Paşca’s group has developed another protocol to culture organoids, which produce OLs, astrocytes, and neurons (Marton et al., 2019). Their protocol applies a set of small molecules and growth factors and can be used to study the development of OLs, myelination, and the interaction with other major cell types in the central nervous system (Marton et al., 2019).

Interneurons play a key role in regulating the activity of cortical networks. Xiang et al. (2017) have generated organoids to recapitulate the development of human medial ganglionic eminence (MGE). These organoids contain functional cortical interneurons, neuronal networks, and key ventral brain domains, which are similar with the developing MGE and cortex (Xiang et al., 2017).




APPLICATIONS OF BRAIN ORGANOIDS AS DISEASE MODELS

Previous studies have shown that brain organoids can recapitulate some key features of the human brain, including cellular distribution and organization, physiological structure, electrical activities, and neuronal networks (Lancaster et al., 2013; Pasca et al., 2015; Qian et al., 2016). Therefore, brain organoids have become a unique model to explore the mechanisms of neurological disorders (Figure 2).
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FIGURE 2. Application of brain organoids as disease models. Brain organoids have been used to model neurodevelopmental and degenerative diseases.



Neurodevelopmental Disorders


Primary Microcephaly

Primary microcephaly, also known as true microcephaly or autosomal recessive primary microcephaly, is mainly caused by genes that regulate the assembly of centrosomes and cilium caused by autosomal recessive mutations including MCPH1, ASPM, WDR62, CDK5RAP2, CPAP, and CENPJ. Currently, specific congenital microcephaly brain organoids carrying mutations of CDK5RAP2, CPAP, ASPM, and WDR62 have been established, respectively (Lancaster et al., 2013; Li et al., 2017; Quadrato and Arlotta, 2017; Zhang et al., 2019).

Lancaster et al. (2013) have established a cerebral organoid model of primary microcephaly. A patient’s somatic cells with heterozygous truncation mutations of CDK5RAP2 have been reprogrammed to iPSCs. After having been transferred to neural induction, the neuroepithelial tissue generated from the patient iPSCs is smaller than that of the control group. The generated cerebral organoids contain fewer radial glial stem cells (RGs) and more neurons, suggesting that the loss of CDK5RAP2 leads to premature neural differentiation at the expense of progenitor cells (Lancaster et al., 2013). Centrosomal-P4.1-associated protein (CPAP protein) is related to microcephaly, and its mutation can cause Seckel syndrome and microcephaly. Brain organoids derived from a Seckel syndrome patient with CPAP mutation display a smaller size and premature neuronal differentiation (Gabriel et al., 2016). Furthermore, Seckel organoids show increased number and length of cilium compared to those of the control organoids, suggesting a delayed breakdown of cilium (Gabriel et al., 2016). These findings reflect the role of cilium in the maintenance of neural progenitor cells (NPCs) and indicate that CPAP is a negative regulator of cilium length. WDR62 mutant iPSCs-generated organoids show delayed cilia decomposition, lengthening and cell cycle progression, reduced proliferation, and premature differentiation of NPCs (Zhang et al., 2019). The mechanism study shows that WDR62 interacts with CEP170 and promotes CEP170 to locate in the matrix of primary cilia, where CEP170 recruits the microtubule depolymerization factor KIF2A to decompose cilium (Zhang et al., 2019). These findings provide new insights into the pathogenesis of primary microcephaly.

ASPM mutant microcephaly organoids display less neuroepithelial tissues, fewer ventricular radial glial cells and outer radial glial cells (oRGs), and poor lamination (Li et al., 2017). Reduced maturation and electrical activity are observed in the ASPM mutant organoids, which is related to congenital mental retardation in patients with ASPM mutations. Wang L. et al. (2020) have conducted related verifications with whole-exome sequencing and uncovered microcephaly-related mutations of NARS1 in more than 5,000 people with neurodevelopmental disorders. They have generated cortical brain organoids with NARS1 mutations and found that patient-derived organoids display a smaller size, decreased proliferation, and cell cycle defects of RGs (Wang L. et al., 2020).



Acquired Microcephaly

In addition to the primary microcephaly caused by chromosomal mutations, external environment, infection, and other factors can also cause secondary microcephaly. The most studied is microcephaly caused by the infection of Zika virus (ZIKV). ZIKV particles can bind to cell membranes, localize in mitochondria and cellular vesicles, and lead to cell death and inhibit the formation of neurospheres (Garcez et al., 2016). Qian et al. (2016) have developed a forebrain organoid and modeled ZIKV exposure at different stages of pregnancy. The infection of ZIKV at the early stage of organoids (day 14) significantly decreases the thickness and the size of the VZ zone, while the size of the lumen of the ventricular structure significantly increased (Qian et al., 2016), which are very similar with the clinical phenotypes of central ventricular dilatation in fetus brain infected with ZIKV (Driggers et al., 2016).



Lissencephaly

Miller Dieker syndrome (MDS) is the most serious form of classical lissencephaly, which is characterized by reduced brain size, craniofacial deformities, mental retardation, and seizures. Brain organoids derived from MDS patients show increased apoptosis and reduced vertical divisions (Bershteyn et al., 2017; Iefremova et al., 2017). The defects of radial migration of neurons, cell autonomy, and delayed oRG cell-specific cytokinesis are also observed (Bershteyn et al., 2017; Iefremova et al., 2017). These mitotic defects of oRG may be involved in the pathogenesis of human lissencephaly. The forebrain organoids derived from MDS patients also display a shift from symmetrical to asymmetrical cell division of ventricular radial glial cells (vRGCs) (Iefremova et al., 2017). Furthermore, they have also observed severe changes in the organization of the ventricular niche in MDS organoids, including the low compactness of vRGC tissues and the disorderly positioning of cells retracted from the apical membrane (Iefremova et al., 2017). These phenotypes can be rescued by regulating the N-cadherin/β-catenin pathway, suggesting an important function of Wnt signaling in MDS.



Autism Spectrum Disorders

Autism spectrum disorder (ASD) is a neurodevelopmental disorder and induced by diverse pathogenic factors, such as genetic mutation, epigenetic modifications, and environmental factors. Cortical organoids derived from ASD patients display preferred differentiation toward GABAergic neurons, but no changes of glutamatergic neurons, resulting in the imbalance of glutamate/GABA neuron, which is resulting from the altered expression of FOXG1 (Mariani et al., 2015). A multiomics study shows that iPSC-derived cortical organoids show a similar transcriptome and epigenome pattern with isogeneic fetal brain tissue, especially between 5 and 16 post-conceptional weeks (Amiri et al., 2018). This study has also revealed 49,640 active enhancers important for cortical neuron specification (Amiri et al., 2018), and differentially expressed genes are highly related with the Wnt/β-catenin signaling pathway (Wang et al., 2017). CHD8 is an ASD-related gene, and cerebral organoids derived from iPSCs with CHD8 gene mutation show that CHD8 regulates other ASD-related genes such as TCF4 and AUTS2.

Macrocephaly/autism disorder represents a subset of ASD, and the loss of function of RAB39B mutation can cause macrocephaly, ASD, and epilepsy (Giannandrea et al., 2010). RAB39B mutant cerebral organoids have a larger volume than the normal control and display impaired differentiation and excessive proliferation of NPCs. Mechanistically, RAB39B deletion induces the over-activation of PI3K-AKT-mTOR signaling, and the inhibition of PI3K-AKT-mTOR signaling can rescue the phenotypes (Giannandrea et al., 2010).



Periventricular Heterotopia

The development of the neocortex in mammals is a highly coordinated process that depends on the precise generation, migration, and maturation of neurons. Periventricular heterotopia is one of the most common forms of cortical developmental malformations and is closely related to DCHS1 and FAT4 (Cardoso et al., 2009). The somatic cells of patients carrying mutations of DCHS1 or FAT4 were used to construct iPSCs and brain organoids. The morphology of the processes of NPCs appears to be neatly arranged and straight in normal organoids. However, neuronal processes are often destroyed and exhibit a distorted morphology in FAT4-mutant or KO organoids (Klaus et al., 2019).



Neonatal Hypoxic Injury

Neonatal hypoxic injury (NHI) is the most common reason for neonatal death and disability. Survivors usually suffer with cerebral palsy, epilepsy, and cognitive impairment (Mwaniki et al., 2012). Brain organoids of NHI have been established and used to examine the effects of different oxygen concentrations. The results show that hypoxia inhibits the expression of genetic markers (e.g., FOXG1, DCX1, CLIP2) for forebrain, OLs, glial cells, and the migrating cortical neurons, which could be alleviated by minocycline. Furthermore, minocycline also restrained apoptosis induced by hypoxia in brain organoids (Boisvert et al., 2019).



Down Syndrome

Down syndrome (DS) is the most common genetic cause of learning difficulties and is the most common form of dementia in people under 50 years old. Factors causing DS dementia are mainly divided into two major types: neurodevelopmental and neurodegenerative factors.

As a common neurodevelopmental disorder, the imbalance of excitatory and inhibitory neurotransmission predominantly contributes to the cognitive deficits of DS. DS organoids produce abundant OLIG2+ NPCs and a variety of CR+ and SST+ GABAergic neurons (Xu R. et al., 2019). Of note is the fact that there are some discrepancies between 2D and 3D cultures: OLIG2+ NPCs can generate different subtypes of neuron in 3D culture, while only CR+ neurons can be obtained in 2D culture (Xu R. et al., 2019). These findings suggest that OLIG2 is a potential target for DS in the clinic.

DS patients also display some phenotypes observed in AD patients. Gonzalez et al. (2018) have found that organoids derived from DS patients and familial AD (fAD) patients can spontaneously exhibit amyloid plaque deposition and Tau hyperphosphorylation, which are more significant than fAD. Furthermore, around 30% of DS patients have delayed onset of dementia, and the triplication of BACE2 may be the underlying mechanism (Wiseman et al., 2015). In line with these findings, the trisomic level of BACE2 protects T21-hiPSC organoids from early AD-like amyloid plaque pathology. Their results suggest the physiological role of BACE2 as a suppressor for AD, and BACE2 can serve as a therapeutic target (Alic et al., 2020).




Neurodegenerative Disorders


Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease and is characterized by cognitive decline, behavioral impairment, and progressive deterioration of physical functions. Choi et al. (2014) have established a 3D culture system with human neural stem cell via overexpressing APP and PSEN1 and successfully observed the aggregation of amyloid beta and tau pathology, suggesting the advantage of 3D culture (Kim et al., 2015). Continuous and spontaneous Aβ aggregation is observed in human neural organoids derived from fAD patients. At the later stage of culturing, fAD organoids show a significantly high immunoreactivity of pTau compared to the control group. β- and γ-secretase inhibitors reduce the pathologic changes induced by amyloid β and Tau phosphorylation in fAD organoids (Raja et al., 2016). Therefore, brain organoids could be a versatile tool for screening therapeutic compounds for neurodegenerative diseases.

Another recent study shows that 3D brain-like tissues infected with herpes virus can directly produce a new model of AD, which can simulate the formation of amyloid plaques, gliosis, neuroinflammation, and impaired functionality in the pathological process of AD (Cairns et al., 2020).



Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s disease and is characterized by the loss of dopaminergic neurons in the substantia nigra, of which typical motor symptoms include bradykinesia, muscle stiffness, resting tremor, and postural and gait disorders. The current cellular and animal models of PD have some limitations to mimic the phenotypes of PD. For example, animals with genetic mutations including LRRK2 mutations cannot clearly show evidence of progressive midbrain dopamine neuron loss or Lewy body formation (Chesselet et al., 2008; Kim et al., 2019a).

Human midbrain-specific organoids derived from sporadic PD patients with LRRK2-G2019S mutation contain midbrain dopaminergic neurons (mDAN), but the number and the complexity of mDAN in LRRK2 organoids are decreased than those of the control group, which is consistent with the phenotype of PD patients (Kordower et al., 2013). Kim et al. (2019a) have introduced the heterozygous LRRK2-G2019S point mutation into hiPSC using CRISPR-Cas9 technology and generated the isogeneic midbrain organoids (MOs). They found that, in the mutant MO, the neurite length of dopaminergic neurons was shortened, and the expression of corresponding markers including TH, AADC, VMAT2, and DAT was also reduced (Kim et al., 2019a). Moreover, other PD-related pathological signatures such as increased aggregation and abnormal clearance of α-synuclein are also found in MOs. The gene expression profiling data show that the mutant MOs have many similarities with that of a PD patient’s brain tissue. They find that TXNIP is specifically upregulated in mutant Mos, and the inhibition of TXNIP can suppress the phenotype induced by LRRK2 in MOs, so TXNIP may be related to LRRK2-related sporadic PD patients (Kim et al., 2019a). All these findings provide important insights into the pathophysiology of PD development.

In addition to sporadic PD, MOs derived from idiopathic PD patients show an altered expression of LIM homeobox transcription factor alpha (early) and tyrosine hydroxylase (late) markers (Chlebanowska et al., 2020). Several key genes relating to idiopathic forms of PD, such as neuronal marker genes TH, PTX3, LMX1A, and FOXA2, have been identified (Chlebanowska et al., 2020). Recently, Kwak et al. (2020) have developed a new type of midbrain-like organoids, which have stable and homogeneous structures and can produce mDANs, as well as other neuronal subtypes and glial cells. These results suggest that MOs can serve as an excellent model for both sporadic and familiar PD.




Brain Tumor

Glioblastoma (GBM) is the most malignant form of glioma, accounting for 54% of all gliomas (da Hora et al., 2019). Cerebral organoids have been used to model primary human GBM in vitro. Organoids were co-cultured with glioma stem cells (GSCs) to obtain a cerebral organoid glioma (GLICO) model. Organoids co-cultured with glioma stem cells show that GSCs metastasize to the inner zones of organoids and deeply infiltrated and proliferated in host tissues, forming tumors closely related to patients with GBM (Linkous et al., 2019), suggesting that the GLICO model reflects well the malignant characteristics of GBM.

Medulloblastoma (MB), which occurs predominantly in the cerebellum, is one of the most common and aggressive malignant brain tumors in children and induce a high rate of mortality (Rutkowski et al., 2010). Group 3 MB is one of the most aggressive MB subgroups, which is characterized by c-MYC up-regulation. The results from 3 MB cerebellar organoid show that OTX2/c-MYC is a new driving gene required for 3 MB tumorigenesis. The treatment of EZH2 inhibitor tazemetostat can inhibit OTX2/c-MYC tumorigenesis in organoids (Ballabio et al., 2020). Therefore, human cerebellar organoids can be effectively used to explore the roles of genetic mechanisms in glioma patients.



Infectious Diseases of the CNS


Neurotropic Virus Infections

As mentioned above, ZIKV is a neurotropic virus that preferentially infects human NPCs. The development of brain organoids has greatly promoted the study of neurotropic viruses and provided an alternative method for animal and 2D cell culture models of ZIKV infection (Antonucci and Gehrke, 2019). One study shows that enoxacin exposure can prevent ZIKV infection and avoid the microcephalic phenotype in brain organoids. This study also discovered the physiological importance of RNAi-mediated antiviral immunity in the early stages of human brain development, revealing new strategies to enhance RNAi’s resistance to human congenital viral infection (Xu Y. P. et al., 2019).

In addition to screening drugs for the prevention and treatment of ZIKV infection, the neurotoxicity of ZIKV has been used to explore its potential efficacy and mechanism as an oncolytic virus to GBM. The findings show that ZIKV preferentially targets GSCs in GBM cortical organoids, showing effective antitumor effects over time. In preclinical studies, the application of GBM organoids enhances selective tumor targeting and may provide positive implications for oncolytic virus therapies (Zhu et al., 2020).



Cerebral Malaria

Malaria is a parasitic disease caused by Plasmodium. Cerebral malaria is one of the clinical manifestations of malaria and usually accompanied by severe neurological complications (Nanfack et al., 2017). Malaria causes hemolysis and produces a by-product called heme, which promotes the apoptosis and spontaneous differentiation of iPSCs and induces the changes of brain injury-related biomarkers, such as the increased expression of CXCL-10, CXCR3, and BDNF and the decreased expression of ERBB4 in organoids. They find that neuregulin-1 had neuroprotective effects on heme-treated organoids (Harbuzariu et al., 2019). Thus, this brain organoid model can be used to study the effects of hemolysis (not limited to malaria infection) on fetal brain development.




Mental Illness


Schizophrenia

Schizophrenia is one of the most intractable diseases in brain health, with complex genetic/environmental causes, molecular neuropathology, and neurodevelopmental origins. Due to the functional and structural differences of brain regions in rodents and human being, it is challenging to observe the phenotypes of mental illness in rodents (Wang M. et al., 2020).

Forebrain organoids derived from schizophrenia patients with DISC1 mutations show the altered proliferation of radial glial cells (Ye et al., 2017). The interaction between DISC1 and NDEL1 plays an important role in maintaining the neural stem cell population during the development of the human forebrain (Ye et al., 2017). Cerebral organoids with an isogenic DISC1 mutation show the over-activation of the WNT signaling pathway (Srikanth et al., 2018). Morphological analysis shows that DISC1 organoids show a chaotic structural morphology and impaired proliferation, which can be rescued by WNT antagonism (Srikanth et al., 2018). Brain organoids derived from schizophrenia iPSCs show decreased proliferation and neuronal development and reduced expression of FGFR1 protein in cortical cells, accompanied by the loss of nFGFR1 signaling (Stachowiak et al., 2017). Blocking and depleting FGFR1 with the antagonist PD173074 in the control organoids can cause cortical growth arrest similar to schizophrenia. In turn, it also shows that rebuilding FGFR1 in developing cortical neurons can inhibit developmental abnormalities (Stachowiak et al., 2017).





TOXIN EXPOSURE OF THE CNS

In addition to modeling neuronal development and neurological disorders, brain organoids can be used to evaluate the effects of acute and chronic toxin exposure.


Prenatal Exposure


Prenatal Nicotine Exposure

Previous studies have shown that nicotine exposure during pregnancy may be associated with neurodevelopmental impairment and behavioral disorders in children. Wang et al. (2018) have used a brain organoid-on-a-chip system to simulate the nervous system exposed to prenatal nicotine. Their findings show that nicotine exposure can cause premature differentiation and apoptosis of neurons in brain organoids, also inhibiting neurite outgrowth and the structural development of the cortex, which is manifested as the decreased expression of forebrain markers (PAX6 and FOXG1). Their study indicates that brain organoids can be a useful model to study the effects of toxin on neuronal development.



Prenatal Methamphetamine Abuse

Methamphetamine (METH) is an addictive stimulant that causes temporary intense excitement. METH addicts may experience symptoms such as decreased hippocampal volume and memory loss (Chang et al., 2007; Du et al., 2015). To determine the effects of prenatal METH abuse on the human brain, 10-month-old brain organoids are exposed to METH for 1 week, followed by scRNA-seq analysis. The results show that METH can significantly alter the expression of neuroinflammatory and cytokine-related genes and affect the proliferation, differentiation, and cell death of NSCs (Dang et al., 2020).



Prenatal Cannabis Exposure

In addition to METH, the effects of prenatal cannabis exposure on brain development were studied with human brain organoids. They demonstrated that prolonged exposure to tetrahydrocannabinol could alter the neonatal brain VZ/SVZ ratio, downregulate the cannabinoid receptor type 1 receptors, and inhibit neurite outgrowth and spontaneous neuronal activity (Ao et al., 2020).





FUTURE CHALLENGES OF BRAIN ORGANOIDS

It is a breaking advance to culture human “brain” in a lab dish and visualize it daily. Brain organoids bona fide provide an excellent model for us to understand the development, aging, and evolvement of the human brain, and dramatic progress has been made in brain organoids during the past decade. Up to today, brain organoids have been used in exploring mechanisms for neurological diseases, drug screening, etc.

Although brain organoids display a significant advantage relative to conventional 2D culture, researchers do realize a few issues in the field. First, to generate and culture brain organoids is technically challenging and requires multiple reagents. It will be even more challenging to harvest healthy organoids if cultured for a longer time. Second, there are some variations between organoids even from the same chamber. This variation will definitely affect the results that compare the size and the volume between the control and patient-derived organoids. Therefore, it is necessary to improve the culture methods and increase the reproducibility. Third, the dynamic cellular composition, structure, maturity, crosstalk between types of cells, etc., occur during brain development and aging. It is still a great challenge to mimic well the complexity of the human brain with organoids in a spatiotemporal pattern. Brain organoids for some brain structures such as the hippocampus and the cerebellum have not been generated yet. Furthermore, organoids generated for neurodegenerative diseases including AD only very partially simulate the pathological features of AD. To resolve these issues, we would expect technical advances.
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Sensory fibers of the peripheral nervous system carry sensation from specific sense structures or use different tissues and organs as receptive fields, and convey this information to the central nervous system. In the head of vertebrates, each cranial sensory ganglia and associated nerves perform specific functions. Sensory ganglia are composed of different types of specialized neurons in which two broad categories can be distinguished, somatosensory neurons relaying all sensations that are felt and visceral sensory neurons sensing the internal milieu and controlling body homeostasis. While in the trunk somatosensory neurons composing the dorsal root ganglia are derived exclusively from neural crest cells, somato- and visceral sensory neurons of cranial sensory ganglia have a dual origin, with contributions from both neural crest and placodes. As most studies on sensory neurogenesis have focused on dorsal root ganglia, our understanding of the molecular mechanisms underlying the embryonic development of the different cranial sensory ganglia remains today rudimentary. However, using single-cell RNA sequencing, recent studies have made significant advances in the characterization of the neuronal diversity of most sensory ganglia. Here we summarize the general anatomy, function and neuronal diversity of cranial sensory ganglia. We then provide an overview of our current knowledge of the transcriptional networks controlling neurogenesis and neuronal diversification in the developing sensory system, focusing on cranial sensory ganglia, highlighting specific aspects of their development and comparing it to that of trunk sensory ganglia.

Keywords: cranial sensory ganglia, placodes, neural crest, somatosensory neuron, visceral sensory neuron, nociceptor, transcription factor


INTRODUCTION

Sensory perception is of crucial importance for animals to adapt to their environment. Sensory capacities have emerged during animal evolution, as they adopted a more active lifestyle (Patthey et al., 2014). In all species, physical and chemical features of the internal and external environment are detected by specialized sensory cell types (photoreceptors, mechanoreceptors, chemoreceptors, …) often building complex sensory structures (such as the eyes, inner ear and olfactory epithelium). In vertebrates, their appearance together with the parallel development of functional sensory circuits in the PNS and of targets in the CNS have allowed the emergence of reflex circuits and complex survival and social behaviors (Schlosser, 2018).

The PNS comprises all neurons and nerves found outside of the CNS (brain and spinal cord) that transmit sensory information to the CNS and allow motor commands. The motor (efferent) division of the PNS includes autonomic neurons (sympathetic, parasympathetic, and enteric neurons) which innervate involuntary smooth muscles, cardiac muscles and glands to unconsciously regulate the activity of internal organs in response to internal and external stimuli, and all the axons of the CNS motor neurons that are involved in the transmission of motor outputs. The sensory (afferent) division of the PNS includes two major categories of neurons, somatosensory (SSN) and visceral sensory (VSN) neurons, organized into cranial and spinal ganglia located along the brainstem and the spinal cord, as well as sensory neurons of the ENS. SSN respond to changes at the surface or inside of the body. They are involved in the detection and relay of sensations that organism “feels,” such as joint position, muscle stretch, touch, pressure, temperature, itch, and pain. VSN are sensors that regulate viscera physiology by sampling the internal environment, and are also involved in transmitting gustative information from the taste buds.

The important progresses made over the last 5 years in the development of sequencing technologies have evidenced an unprecedented diversity of functional sensory neuronal types in the developing and mature PNS. How this cellular diversity is created from multipotent stem/progenitor cells during embryonic development is a fundamental question in neurodevelopmental biology that remains incompletely understood. Cell fate decisions and the control of their proliferation and differentiation are well known to be controlled by environmental cues acting on intrinsic transcriptional programs. Under the influence of external cues, multipotent progenitors progressively lose their competence and acquire upon activation of specific TF networks a more differentiated state. Researches in the past decades have identified a series of TFs controlling the genesis and diversification of peripheral sensory neurons but most of the studies have focused on their role in trunk DRG. Many of these TF are, however, also expressed in other PNS sensory ganglia (Supplementary Table S1) where their functional relevance has been poorly described. In this review, we first summarize the anatomy, function and neuronal diversity of these different sensory ganglia revealed in recent studies using scRNA-seq technologies. We then provide an overview of our current knowledge of some of the main TF controlling neurogenesis and neuronal diversification, highlighting their common or divergent roles and mechanisms of action in the different sensory ganglia.



ANATOMY, FUNCTIONS AND NEURONAL DIVERSITY OF SENSORY GANGLIA

In the head region of vertebrates, the PNS is organized into 12 pairs of cranial nerves, numbered I–XII. These cranial nerves contain either only motor efferent fibers [cranial nerves III (oculomotor), IV (trochlear), VI (abducens), and XII (hypoglossal)], sensory afferent fibers [cranial nerves I (olfactory), II (optic) and VIII (vestibuloacoustic)], or both fiber types [cranial nerves V (trigeminal), VII (facial), IX (glossopharyngeal), X (vagus) and XI (spinal accessory)]. As a general rule, the neuronal cell bodies of the motor division of these nerves are located within nuclei of the brainstem while their sensory division arises from dedicated head sensory ganglia. In the body region, the PNS is organized into 31 pairs of spinal nerves composed of mixed sensory and motor fibers originating from DRG and CNS motor neurons, respectively (Guthrie, 2007; Espinosa-Medina et al., 2016; Yoo and Mazmanian, 2017; Romano et al., 2019; Sudiwala and Knox, 2019).

Somatosensory neurons innervating the neck and trunk are located in DRG found in a metameric pattern on each side of the spinal cord. Those innervating the head region are located in the trigeminal ganglia, geniculate ganglia, cochlear ganglia, vestibular ganglia, superior ganglia, jugular ganglia and accessory ganglia located along the brainstem. SSN are typically pseudo-unipolar neurons with a single axon that bifurcates into two branches: a distal branch innervating target tissues and a proximal branch innervating the CNS. However, cochlear ganglia also contain some bipolar neurons while all vestibular ganglia neurons are bipolar (Carricondo and Romero-Gómez, 2019). VSN are found in the geniculate, petrose and nodose ganglia. Neurons in these ganglia are also pseudo-unipolar with fast conductive A fibers or small diameter C-fibers. The contribution of these sensory ganglia to the different cranial nerves as well as their function and neuronal diversity are summarized in Figure 1 and Table 1.
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FIGURE 1. Schematic of sensory ganglia and associated nerves in a E15.5 mouse embryo. Somatosensory and visceral sensory ganglia, their peripheral innervation and targets in the CNS are represented in blue and green, respectively. The different organs and tissues are indicated. Bones are shown in gray. The external ear is indicated by an asterisk, semi-circular ducts by φ and cochlea by a δ symbol. For clarity, the olfactory epithelium, the accessory ganglia and (para-)sympathetic ganglia, the enteric nervous system and the motor efferents of cranial and spinal nerves have not been represented. Abbreviations used for all ganglia, nerves and CNS regions are indicated below the scheme.



TABLE 1. Neuronal diversity and function of PNS sensory ganglia in adult mouse.
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Trigeminal and Dorsal Root Ganglia

The trigeminal ganglia contain the sensory neurons of cranial nerve V, responsible for the detection and transmission of general somatic sensations of deep and cutaneous tissues of the head. They are therefore considered relatively similar to the DRG. Anatomically, the trigeminal nerve separates peripherally into three main branches: the ophthalmic branch innervating the supraorbital region, the maxillary branch innervating the infraorbital region and the mandibular branch innervating the lower jaw region (Haines and Mihailoff, 2018; Romano et al., 2019). DRG innervate tissues associated to local body segments (dermatomes). Cervical DRG innervate the head occipital lobe, the neck, the shoulders and forelimbs. Thoracic DRG innervate the trunk, and lumbar and sacral DRG innervate the lower body region (Haberberger et al., 2019; Noseda et al., 2019). DRG contain three major types of sensory neurons which convey specific features of somatosensation. First, proprioceptive neurons that innervate muscle spindles as well as Golgi tendon organs that sense muscle stretch and joint position, and thus give information about the general position of the body in space (proprioception). Second, low threshold mechanoreceptive (LTMR) neurons that innervate hair follicles and skin sensory structures such as Merkel cells and Meissner and Pacinian corpuscles. They respond to innocuous touch stimulations allowing the discrimination of a wide range of mechanical stimuli (vibration, pressure, stretch…). Morphologically, proprioceptors and mechanoreceptors have large soma and medium to large diameter myelinated axons (Aα and Aβ fibers, respectively). However, a subpopulation of hairy-skin innervating neurons involved in light touch stimulation and conveying affective aspects of gentle touch, called C-LTMRs, have unmyelinated axons. These neurons constitute a unique subpopulation of mechanoreceptors as they also modulate the transmission of noxious stimuli and seem to develop from precursors of the third main type of sensory neurons, the nociceptors (Lallemend and Ernfors, 2012; Delfini et al., 2013; Zimmerman et al., 2014; Emery and Ernfors, 2018; Kambrun et al., 2018; Bohic et al., 2020). This nociceptive lineage includes thermoreceptors sensing innocuous temperature variations, itch sensing pruriceptors and nociceptors sensing noxious thermal, mechanical and chemical stimuli (Emery and Ernfors, 2018). Most of the nociceptive neurons are polymodal, responding to a variety of stimuli. Nociceptors are the predominant neuronal type in trigeminal ganglia and DRG where they represent about 80% of neurons. Neurons of the nociceptive lineage are also found in superior, jugular and accessory ganglia (Cho et al., 2015; Kupari et al., 2019). Compared to proprioceptors and mechanoreceptors, nociceptive neurons are of small size and have slightly myelinated or unmyelinated axon fibers (Aδ and C, respectively). They can be further subdivided into two major subgroups, the peptidergic (PEP) and non-peptidergic (NPEP) nociceptors. The PEP nociceptors innervate the skin and deep tissues such as bones and viscera and secrete neuropeptides like Substance P or CGRP, while the NPEP nociceptors only innervate the epidermis (Yang et al., 2013; Emery and Ernfors, 2018).

The different classes of SSN in the different ganglia have also specific central termination patterns. In trigeminal ganglia, mechanoreceptors project to hindbrain neurons of the principal sensory trigeminal nucleus and of the rostral part of the SN, while trigeminal nociceptors innervate the SN subnucleus caudalis (Haines and Mihailoff, 2018). In DRG, each type of neuron sends stereotypical projections to specific laminae of the spinal cord. Nociceptors innervate projection neurons in laminae I and II, mechanoreceptors mainly innervate projection neurons in laminae III to V, and proprioceptors target interneurons and motor neurons in the Clarke’s column and ventral spinal cord lamina IX (Lallemend and Ernfors, 2012; Lai et al., 2016).

Molecularly, the sensitivity to specific modalities and intensities of these different types of sensory neurons is conferred by the combinatorial expression of receptors activated by defined thermal, mechanical or chemical stimuli, such as ion channels of the TRP superfamily (Patapoutian et al., 2009; Murthy et al., 2017; Bennett et al., 2019). While the molecular mechanisms of nociception have been extensively investigated since many years, molecular players underlying proprioception and touch have only recently been identified. Among them, the mechanosensitive ion channel Piezo2 appears pivotal in the detection of proprioceptive as well as innocuous and noxious mechanical stimuli (Ranade et al., 2014; Woo et al., 2015; Murthy et al., 2018). Mechanical and nociceptive information are transduced with the help of specialized cells in the periphery, with Piezo2 expressing Merkel cells being involved in mechanosensation (Ikeda et al., 2014; Ranade et al., 2014), and specialized cutaneous Schwann cells (Remak cells) forming a complex with nociceptive fibers (Abdo et al., 2019).

The molecular repertoire of DRG neurons has been first approached through next generation deep RNA-sequencing of purified neuronal populations. For example, the transcriptome of nociceptors has been evaluated using DRG neuron preparation obtained by magnetic cell sorting (Thakur et al., 2014). The molecular signature of more specific populations of nociceptors has been revealed combining genetic neuronal labeling with FACS or neuron selective chemoablation (Chiu et al., 2014; Goswami et al., 2014). The diversity of DRG neurons has been later further evaluated by analyzing the transcriptome of single cells (scRNA-seq), subsequently sorted in clusters based on their pattern of expressed genes. These studies have shown that each major category of DRG neuron can be divided in subclasses, with neurons of the nociceptive lineage showing the highest diversity, and that sensory neuron diversity varies in DRG depending on their position along the antero-posterior axis. While no final classification of DRG neurons has been established yet, these studies have provided an immense catalog of specific molecular markers that can be used to further dissect the anatomy and function of specific neuronal subtypes (Chiu et al., 2014; Usoskin et al., 2015; Li et al., 2016; Zeisel et al., 2018; Hockley et al., 2019; Sharma et al., 2020) and innervated organs (Hockley et al., 2019).

In contrast to DRG, trigeminal ganglia do not contain proprioceptive neurons. Instead, proprioceptive neurons innervating the jaw-closing muscles reside within the mesencephalic trigeminal nucleus located in the hindbrain that thus represent a unique sensory structure (Jerge, 1963; Hunter et al., 2001). Despite this major difference, a similar neuronal classification as found in DRG has been obtained in trigeminal ganglia by scRNA-seq approaches, in which groups of fast conducting mechanoreceptors, cold-sensing neurons, C-LTMR, PEP and NPEP nociceptive neurons have been described. However, while some neuronal trigeminal clusters like mechanoreceptors and itch sensing neurons closely match those described in DRG, noticeable differences in gene expression profile have been reported for other clusters (Nguyen et al., 2017, 2019; Sharma et al., 2020). In agreement with those observations, other comparative transcriptomic analyses made on dissected ganglia (Manteniotis et al., 2013), FACS sorted sensory neurons (Lopes et al., 2017) or Nav1.8 genetically labeled neurons (Megat et al., 2019) have highlighted differences between trigeminal ganglia and DRG in mouse. These studies have notably shown differences in the expression of ion channels/receptors (ex: trigeminal ganglia neurons express higher levels of ASIC1), peptides (ex: CGRP levels are higher in DRG than trigeminal ganglia) and TF (ex: Hox family members are expressed in DRG but not trigeminal ganglia neurons). For most of these markers, the functional significance of these divergences still needs to be assessed.

To date, most studies aiming at characterizing vertebrate sensory ganglia neuronal diversity and function have been undertaken using the mouse model. However, depending on the considered species, differences in sensory ganglia cellular composition and gene expression profiles have been reported, and are important to consider in translational studies. For example, the trigeminal ganglia of star-nosed mole and tactile specialist birds have a greater proportion of light touch mechanoreceptors innervating nostril appendages and beak respectively, which is considered to be an evolutionary adaptation to their lifestyle (Gerhold et al., 2013; Schneider et al., 2019). In human, the cranial embryonic nerve anatomy appears very similar to rodents (Belle et al., 2017). However, human DRG have a higher proportion of PEP nociceptors compared to rodents and have more surrounding connective tissue (Rostock et al., 2018; Haberberger et al., 2019). Comparative RNA-seq analyses of human trigeminal ganglia and lumbar DRG also reveal high similarities and analogous differences (such as Hox gene expression in DRG) as those found in mouse (Lopes et al., 2017; Ray et al., 2018).



Geniculate Ganglia

Cranial nerve VII receives sensory fibers from the geniculate ganglia. The proximal and distal portions of the geniculate ganglia contain SSN and VSN, respectively. These SSN innervate and convey somatic (mechanical) information from the auricle and external portion of the auditory canal to the SN. Geniculate ganglia VSN essentially innervate the palate and taste buds of the anterior two thirds of the tongue and convey gustatory information to the STN located in the hindbrain (Ohman-Gault et al., 2017; Haines and Mihailoff, 2018). Three recent studies have reevaluated the diversity of geniculate ganglia neurons of adult mice, clustering the VSN into at least three groups and the SSN in only one group. While each group of VSN could potentially be linked to specific taste modalities, detailed functional and anatomical studies are needed to elucidate their peripheral target innervation and taste coding (Dvoryanchikov et al., 2017; Anderson and Larson, 2019; Zhang et al., 2019).



Cochlear and Vestibular Ganglia

Cranial nerve VIII comprises fibers from cochlear and vestibular ganglia neurons, initially forming the vestibulo-acoustic ganglia complex during development. Cochlear ganglia, also called spiral or acoustic ganglia, contain two major types of sensory neurons conveying auditory information from the cochlea: several type I myelinated neurons innervating single cochlea inner hair cells, corresponding to ∼95% of auditory afferent fibers, and single type II unmyelinated neurons innervating multiple outer hair cells. Neurons of the vestibular ganglia transmit balance and acceleration information detected by hair cells from the inner ear semi-circular ducts, saccule and utricle (Magariños et al., 2012). Nervous fibers from the cochlear and vestibular ganglia innervate the brainstem cochlear and vestibular nuclei, respectively (Haines and Mihailoff, 2018). While the neurons of the vestibular ganglia have been poorly characterized to date, the transcriptome of the developing cochlear ganglia have been examined, revealing some TF that are uniquely expressed in cochlear ganglia and may drive auditory -specific aspects of their differentiation (Lu et al., 2011). scRNA-seq of cochlear ganglia neurons of post-natal mice support the hypothesis that the cochlear ganglia have a higher neuronal diversity than expected (Petitpré et al., 2018). In this study, mouse cochlear ganglia neurons have been classified into one group of type II neurons and at least three subtypes of type I neurons. Type I neurons subclusters are characterized by the expression of specific receptors and neurotransmitters. According to their stereotyped connection to the pillar or modiolar side of inner hair cells, they are thought to transduce specific sound information modalities based on frequencies and intensities. While the study of Petitpré et al., 2018 suggests that the different cochlear ganglia subtypes can already be distinguished at birth, two others have shown that cochlear ganglia neuron segregation requires hair cells activity dependent signaling inputs (Shrestha et al., 2018; Sun et al., 2018).



Superior and Jugular Ganglia

The sensory fibers of cranial nerves IX and X each have two associated ganglia, the superior and jugular ganglia respectively constituting their proximal part. These ganglia contain SSN that mainly innervate ear tissues (external auditory meatus), the posterior fossa dura and tissues of the pharyngeal region, and their proximal branch makes connections with the SN. While the neuronal diversity of superior ganglia has not been characterized yet, scRNA-seq analysis has revealed that jugular ganglia neurons share a high degree of similarity with DRG neurons. Among these are cold sensing neurons expressing Trpm8, A-LTMR, C-LTMR, PEP and NPEP nociceptors. Some of them are capsaicin sensitive/TrpV1 positive and can be sensitized in inflammatory conditions (Usoskin et al., 2015; Wang et al., 2017; Kupari et al., 2019).



Petrose and Nodose Ganglia

Petrose and nodose ganglia are the distal ganglia of cranial nerves IX and X, respectively. Petrose ganglia contain VSN that innervate structures of the respiratory system and convey taste information from the posterior third of the tongue. Nodose ganglia neurons innervate the pharyngeal area, thoracic organs and part of the digestive tract, from which they convey sensory information such as stretch and pressure and about the chemical environment (ex: inflammatory mediators). By innervating STN neurons in the brainstem, petrose and nodose ganglia neurons constitute the afferent part of reflex circuits (cardiac rhythm, peristaltism…) that are crucial for viscera activity homeostasis (Brunet and Goridis, 2008; Umans and Liberles, 2018). Until recently, despite the clinical relevance associated with vagus nerve dysfunction, only a small number of molecular markers were available to discriminate jugular ganglia SSN and nodose ganglia VSN fibers and thus their functional diversity was mostly assessed by electrophysiological recordings (Christianson et al., 2009; Ben-Menachem et al., 2015). Recent single cell transcriptomic studies of jugular and nodose ganglia have now identified several specific markers distinguishing neurons of these two ganglia. Among them, the TF Prdm12 and Phox2b, which can account for their respective somatic and visceral identities. These studies also revealed an unexpected large diversity of nodose ganglia neurons. Eighteen distinct subtypes have been defined, including stretch and volume sensing mechanoreceptors, baroreceptors, chemo- and nutrient receptors, that are dedicated to the control of the respiratory, gastrointestinal and cardiovascular systems (Wang et al., 2017; Kupari et al., 2019). By characterizing the diversity, anatomy and activity of VSN specifically innervating the lungs (Chang et al., 2015; Mazzone et al., 2020) and the digestive tract (Williams et al., 2016), a more restricted repertoire of markers has been identified in these sensory neurons that matched to some of the 18 nodose ganglia clusters mentioned above.



Accessory Ganglia

The accessory ganglia are associated with spinal accessory cranial nerve XI whose motor fibers innervate trapezius and sternocleidomastoid muscles essential for neck and shoulder movements and laryngeal muscles required for correct movements of the vocal cords (Haines and Mihailoff, 2018). The accessory ganglia contain somatosensory nociceptive neurons that could be involved in myalgia of the trapezius and the sternocleidomastoid muscles (Bordoni et al., 2020).



SENSORY GANGLIA DERIVE FROM NEUROGENIC PLACODES AND/OR NEURAL CREST CELLS

During vertebrate embryonic development, all sensory ganglia are generated from cells derived from two transient populations of embryonic multipotent stem/progenitor cells, the neural crest (NC) and/or the cranial placodes. Placodal and NC progenitors arise in close proximity to each other at the neural plate border soon after gastrulation. All placodes originate from a presumptive horseshoe shaped territory, known as the PPD, found at the anterior border of the neural plate, that subsequently resolves into discrete placodes. Neural crest cells (NCC) form along the entire border of the neural plate, except the rostral forebrain, and are positioned medially to the PPD (Saint-Jeannet and Moody, 2014). NCC are neuroectodermal cells that, after ongoing an epithelial to mesenchymal transition, delaminate from the neural tube and migrate into the embryo to give a wide range of derivatives, either directly or through the generation of pluripotent stem cell reservoirs (Boundary cap cells and Schwann cell precursors). Apart from generating neurons and glia (satellite and Schwann cells) of the PNS, NCC also give rise to autonomic and enteric neurons, melanocytes, endocrine cells, connective tissues, tendons, and the cartilage and bones that make up the cranial skeleton. NCC can be divided into distinct subpopulations based on their axial level of origin, displaying varied migratory patterns and contributing to overlapping as well as axial specific derivatives. For example, the trunk NCC generate the dorsal root and sympathetic ganglia by migrating in a segmental manner through the somites. They in contrast lack the potential to form cartilage/bone that is specific of more anterior NCC populations. Cranial placodes are thickened regions of the head ectoderm that, in addition to contributing to some cranial sensory ganglia, also give rise after more or less complex morphogenetic movements to the paired sense organs of the head (olfactory epithelium, inner ear) and other non-neurogenic specialized cells (lens, pituitary gland) (Theveneau and Mayor, 2012; Steventon et al., 2014; Furlan and Adameyko, 2018; Thiery et al., 2020).

In contrast to DRG that derive only from NCC, cranial sensory ganglia have a NC or placodal origin, or both. Sensory neurons of the geniculate, petrose and nodose ganglia derive exclusively from epibranchial placodes. Those of the cochlear and vestibular ganglia derive from the otic placodes with a possible minor contribution of NCC (Breuskin et al., 2010; Freyer et al., 2011; Steventon et al., 2014). The trigeminal ganglia are of mixed origin with their proximal and distal regions respectively arising from NCC and trigeminal placodes. The superior, jugular and accessory ganglia exclusively derive from the NC (Figure 2, left). Cranial ganglia development results from the aggregation of these neurogenic placode precursors and NCC into ganglia, after delamination and migration from initial positions. In neurogenic placodes, neurogenesis occurs before the delamination step, while in the case of NCC it only starts once migrating precursors aggregate into ganglionic structures. During head morphogenesis, NCC and placodes mutually interact and these interactions drive the coordinated morphogenesis that is required for the formation of functional cranial sensory ganglia (Steventon et al., 2014; Sudiwala and Knox, 2019).
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FIGURE 2. Embryonic origin and differential contribution of Neurog1 and Neurog2 to neurogenesis in the sensory ganglia. On the left, schematic of cranial sensory ganglia with indication of the contribution of neural crest (green) or placode (orange) to their formation. On the right, schematic of sensory ganglia and their developmental dependence to Neurog1 (blue) or Neurog2 (red). A, accessory ganglia; D, dorsal root ganglia; G, geniculate ganglion; J, jugular ganglion; N, nodose ganglion; P, petrose ganglion; S, superior ganglion; T, trigeminal ganglion; VA, vestibuloacoustic ganglion.


Specification of placodal and NC progenitors, their delamination, migration and diversification are well known to be controlled by different inductive signals patterning the embryonic ectoderm. These local signals set up in progenitors the expression of networks of genes encoding TF that endow them with specific mobility properties and ability to initiate a specific differentiation program. During NC formation, Wnts, FGFs and BMPs induce in the ectoderm of the gastrula embryo the expression of neural border specifier genes (i.e., Msx Pax3/7 and Dlx5/6) which define the neural plate border territory, a region primed to form NC and placodal cells. In turn, these genes in combination with signaling molecules activate “neural crest specifier” genes (like Snail/Slug, Foxd3, Twist, Id, Myc and SoxE TF) and placodal specifiers (like Six TF, in partnership with cofactors such as Eya1) that drive their specification. As the embryo acquires anterior-posterior identity, the NC becomes regionalized and cells acquire distinct developmental potential according to their axial level. Similarly, the PPD is subdivided into specific placodes with distinct developmental programs. It is now clear that an intricate array of TF controls in a stepwise process their development and diversification, leading to the differentiation of highly specialized cells. Some of these TF are known to play key roles in cell fate decision. For example, mesenchymal potential is conferred to head NCC by the expression of a single gene, Twist, and the subsequent decision of NCC to participate to the autonomic lineage requires the activation of Phox2b (Soldatov et al., 2019). In this review, we will focus on the transcriptional control of neurogenesis and neuronal diversification in sensory ganglia. TF controlling early PPD and NC specification and their delamination/migration, as well as those regulating the differentiation into other lineages (glial, melanocytes, mesenchymal, autonomic) are out of the scope of this review. These aspects have been extensively reviewed elsewhere (Jessen and Mirsky, 2005, 2019; Grocott et al., 2012; Lassiter et al., 2014; Saint-Jeannet and Moody, 2014; Jacob, 2015; Mort et al., 2015; Newbern, 2015; Simões-Costa and Bronner, 2015).



TRANSCRIPTIONAL CONTROL OF NEUROGENESIS AND NEURONAL DIVERSIFICATION IN SENSORY GANGLIA

During neurogenesis, NC or placode derived dividing neural progenitors give rise to neural precursors that stop to divide and progressively differentiate to form mature neurons with a specific identity, innervating specific central and peripheral targets. Downstream of the TF involved in NC and PPD specification and controlling their epithelial-mesenchymal transition and migration, a number of TF have been identified that regulate in successive steps the differentiation of peripheral sensory neurons. They can be classified into four main categories (Figure 3): (1) factors acting in undifferentiated neural progenitors that contribute to sensory neuron specification by regulating proneural gene expression, (2) proneural TF which promote the transition from dividing NC or placodal neural progenitors into post-mitotic sensory neuron precursors, (3) TF expressed broadly in differentiating post-mitotic neurons that further refine their sensory neuronal state and (4) TF assigning them a specific neuronal identity. These later TF are early and broadly co-expressed in nascent sensory neurons and acquire mutually exclusive expression patterns in differentiating subtypes (Sharma et al., 2020). In the following sections we will concentrate on the key TF that have been shown to control the differentiation and diversification of cranial sensory neurons. An outline of their reported expression is provided in Supplementary Table S1. Their known contribution to the gene regulatory network controlling the development of the different sensory ganglia in mouse is summarized in Figure 4. For some of these TF, mutations have been reported in human congenital diseases associated with sensory deficits (Table 2).
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FIGURE 3. Successive steps of sensory neuron differentiation. The emergence of sensory neurons from placodal/neural crest derived cells involves transcription factors acting in a timely appropriate manner to drive sensory neuron specification and diversification. Placodal/neural crest specific TF are first required to initiate the induction of proneural factors (1). Proneural factors then act in sensory neuron precursors (neuroblasts) to select a neuronal fate and block their proliferation (2). Their activation is followed by the expression of broadly expressed TF that further refine and secure a sensory identity (3). Finally, TF with a more restricted expression pattern, acting all along the differentiation process, drive transcriptional programs required for the acquisition of dedicated sensory subtype phenotypes (4).
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FIGURE 4. Transcriptional regulatory networks controlling neurogenesis in mouse cranial sensory ganglia. Gene regulatory interactions for the initiation of sensory neuron transcriptional programs in cranial ganglia through bHLH TF gene activation. The gene regulatory networks have been drawn using BioTapestry (Longabaugh et al., 2005), with transcriptional activation indicated by arrows, and repression by blunt-ended arrows. For the geniculate ganglia (GG), only the genes involved in VSN development are represented. In trigeminal ganglia (TG), genes specific of the mechanosensory and nociceptive lineages are shown on a darkblue and red background, respectively. Dashed lines are drawn if there is no evidence for direct regulation of target gene. The proposed gene regulatory network is based mostly from observations made in cranial ganglia from different mutant mouse lines, that have been characterized in the following references (see text for additional information): Morin et al., 1997; Pattyn et al., 1997, 1999; Fode et al., 1998; Ma et al., 1998, 2003; Huang et al., 2001; Levanon et al., 2002; Dauger et al., 2003; Trieu et al., 2003; Eng et al., 2004, 2007; Wiggins et al., 2004; Zou et al., 2004; Lei et al., 2005, 2006; Konishi et al., 2006; Lanier et al., 2007, 2009; Sun et al., 2008; Dykes et al., 2010, 2011; Senzaki et al., 2010; D’Autréaux et al., 2011; Ahmed et al., 2012; Birol et al., 2016; Donnelly et al., 2018; Bartesaghi et al., 2019; Desiderio et al., 2019. Dbh, dopamine-β-hydroxylase; Dll1, delta-like 1; PNG, petrose-nodose ganglia; Sst, somatostatin; TH, tyrosine hydroxylase; VAG, vestibuloacoustic ganglia.



TABLE 2. Human disorders with sensory deficits reported in human and their associated causative genes.
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Sox10, Six and Eya Factors as Essential Upstream Regulators of Proneural Factors in NC or Placodal Derived Progenitors

Sox10 is a member of the Sox gene family encoding TF with a high mobility group (HMG)- DNA-binding domain. Sox genes regulate multiple aspects of neurogenesis, including ectoderm and neuroectoderm specification and maintenance of neural stem cells (Kamachi and Kondoh, 2013). While some of them (Sox1, Sox2, and Sox3, constituting the SoxB1 subgroup) are expressed in the neuroectoderm and prospective placodes, Sox10 is expressed in migratory NC. Like other Sox factors, Sox10 is required for the maintenance of the multipotent state of NC (Kim et al., 2003). Whereas Sox10 is turned off in the somatosensory lineage and other NC derivatives, it persists through subsequent stages of differentiation in the glial and melanocyte lineages. While Sox10 is critical for the differentiation of the glial, melanocyte and autonomic lineages, its role in DRG sensory neuron is more controversial. In mouse, DRG neuron degeneration observed in Sox10 mutants has been interpreted as a secondary consequence of the failure of glia differentiation. Studies in zebrafish, however, suggest a direct role in sensory neuron specification by regulating the expression of the Neurog1 proneural gene (Britsch et al., 2001; Carney et al., 2006; Delfino-Machín et al., 2017).

Besides their role in PPD formation, the homeodomain TF Six1, Six2, and Six4 as well as their transcriptional coactivators Eya1 and Eya2 appear also to contribute to the maturation and differentiation of sensory placodes (Xu et al., 1997; Schlosser, 2014; Riddiford and Schlosser, 2016). Six1 and Eya1 are early and broadly expressed in developing cranial sensory placodes in mouse embryos. Downstream of another TF, Foxi3, necessary for priming pre-placodal ectoderm for the correct interpretation of inductive signals for the otic and epibranchial placodes (Birol et al., 2016), Six1 and Eya1 play essential roles in sensory neurogenesis that appear distinct in different ganglia. In their absence, the epibranchial placodal progenitors fail since the beginning to express the neuronal determinants Neurog2 and Phox2a which trigger neuronal differentiation in the placodal ectoderm. This failure to induce timely neuronal differentiation results in the apoptosis of the epibranchial placode progenitors (Zou et al., 2004). In contrast, in otic placodes, Eya1 and Six1 have been shown to be dispensable for the initiation of neurogenesis, but both may, however, later regulate the progressive differentiation of neuroblast precursor cells. Indeed, Eya1 and Six1 have been shown during inner ear neurogenesis to recruit the SWI/SNF chromatin-remodeling complex to mediate the transcription of Neurog1 and NeuroD1. In cooperation with Sox2, Eya1 and Six1 also activate the expression of the proneural factor Atoh1 and therefore induce hair cell fate in the cochlea (Ahmed et al., 2012). Six TFs are also required for the proper development of trigeminal ganglia. In their absence, trigeminal ganglia neurons undergo extensive early apoptosis associated with reduced expression of the anti-apoptotic protein Bcl-x (Konishi et al., 2006). At the trunk level, their absence leads to the appearance of intramedullary sensory neuron-like cells, as observed in fish or amphibians. This phenotype is likely the result of altered medial NCC migration into the spinal cord and the production of immature DRG neurons and fused DRG (Yajima et al., 2014). Eya1 does not only serve as a transcriptional co-activator, but also possesses tyrosine and threonine phosphatase activities. In epibranchial placodes, via the dephosphorylation and stabilization of the Notch intracellular domain, Eya1 is also required for the generation of a non-neuronal population of cells contributing to pharyngeal arch development (Zhang et al., 2017). Thus, Eya1 and Six1 are crucial factors required for the activation or regulation in neuroblast of the neuronal developmental program of sensory ganglia. According to scRNA-seq data, Eya1 and Six1 seem to remain expressed in the adult petrose-nodose ganglionic complex but their role in differentiated VSN is unknown (Dvoryanchikov et al., 2017; Kupari et al., 2019).



Proneural Factors Specify a Sensory Neuron Fate in Neural Precursors

Proneural factors constitute a subgroup of evolutionarily conserved basic-helix-loop-helix (bHLH) TF. In Drosophila melanogaster, proneural factors confer a neural identity to naïve ectodermal cells, inducing their delamination and subsequent neuronal differentiation. In contrast, in vertebrates, proneural factors are expressed in cells which have already acquired a neural identity and are sufficient to promote neurogenesis. Given their transient expression in neural progenitors, proneural factors promote neurogenesis by activating the expression of downstream target genes involved in neuronal differentiation and by inhibiting glial cell fate and cell proliferation. They are also required for the expression of the Notch ligand Delta-like-1 to inhibit their own expression in neighboring cells via the mechanism of lateral inhibition (Fode et al., 1998; Ma et al., 1998). While in invertebrates, proneural factors are also involved in the specification of the identity of neural progenitors, the ability of their vertebrate counterparts to commit neuronal progenitors to a specific fate appears more heterogeneous. For example, in the mouse, the proneural factor Ascl1 has a higher capacity than Neurog2 to respecify the identity of neuronal populations when ectopically expressed. Ascl1 has thus properties of an instructive determinant while Neurog2 neuronal lineage specification ability relies more on the cellular context (Bertrand et al., 2002; Parras et al., 2002; Baker and Brown, 2018).


Neurog1 and Neurog2 in Cranial Sensory Ganglia

In the developing PNS of mouse embryos, the proneural genes Neurog1 and Neurog2 are transiently expressed in distinct cranial ganglia. The trigeminal, superior, jugular, accessory and vestibulo-acoustic ganglia that derive from NC and/or placodal precursors express Neurog1. The geniculate and petrose ganglia that derive from epibranchial placodes express Neurog2. The nodose ganglia that derive from placodal precursors express both Neurog1 and Neurog2 (Fode et al., 1998; Ma et al., 1998). While Neurog1 remains expressed in progenitors inside condensed ganglia and in the otic cup epithelium, Neurog2 is only detected in epibranchial placodes and migrating neuronal precursors (Figure 2, right).

The generation and analysis of Neurog1–/– and Neurog2–/– mutant mouse embryos have revealed their critical requirement for neuronal differentiation in cranial ganglia. In Neurog1 mutants, trigeminal, superior, jugular, accessory and vestibulo-acoustic ganglia are lost. In Neurog2 mutants, the delamination and differentiation of the geniculate and petrosal placode progenitors are altered, which results in delayed development of the distal portion of the geniculate ganglia and loss of the petrose ganglia. The nodose ganglion is spared in Neurog1 or Neurog2 single mutants but is lost when they are removed together, suggesting they have a redundant role in this ganglion (Fode et al., 1998; Ma et al., 1998; Takano-Maruyama et al., 2012; Espinosa-Medina et al., 2014). Hence, Neurog1/2 are proneural factors which are critical to initiate the neuronal differentiation of progenitors and to balance the timing of neurogenesis in cranial sensory ganglia (Bertrand et al., 2002; Huang et al., 2014).



Neurog1 and Neurog2 in Dorsal Root Ganglia

The distinct sensory neuron subtypes found in DRG are generated under the control of Neurog2 and Neurog1 in two successive neurogenic waves (Figure 5). The first wave generates most mechano/proprioceptors as well as a subpopulation of early-born myelinated nociceptors while the second wave mostly produces late-born unmyelinated neurons of the nociceptive lineage (Marmigère and Ernfors, 2007; Lallemend and Ernfors, 2012). In mouse, Neurog2 is induced first in migrating somatosensory progenitors and remains until the end of the first neurogenic wave while Neurog1 is expressed slightly later directly inside the DRG primordium and remains until the end of the second neurogenic wave. Neurog1–/–; Neurog2–/– double-knockouts result in the agenesis of DRG as no sensory neuron is ever produced while Neurog1–/– DRG show a specific lack of late-born nociceptive neurons. These observations have established the respective requirement of Neurog1 and Neurog2 for the second or first neurogenic wave (Ma et al., 1999). However, recent evidences indicate that the function of Neurog2 is more complex than initially determined (Ventéo et al., 2019). In Neurog2–/– DRG, the onset of neurogenesis from both waves is delayed as well as the induction of Neurog1, indicating a transient control of Neurog2 on Neurog1 initiation (Ma et al., 1999). The Neurog2–/– neurogenesis defects are eventually compensated by Neurog1 but result in an approximate reduction of ∼30% of all DRG neuron subtypes including those arising from the second neurogenic wave. Moreover, this delayed neurogenesis results in a brief period during which NCC putative somatosensory progenitors degenerate or adopt a melanocytic cell fate. Whether this early involvement in the bias of a NCC somatosensory identity is a specific feature of Neurog2 or more likely related to its earlier onset compared to Neurog1 remains, however, to be determined (Zirlinger et al., 2002; Soldatov et al., 2019; Ventéo et al., 2019). The specific compensatory mechanism occurring into Neurog2–/– first wave progenitors has been further evidenced by the recent use of the DBZEB;Wnt1Cre;Egr2DT/+ (DWE) mouse line in which second wave progenitors are genetically depleted without the loss of Neurog1, leaving only first wave progenitors (Ohayon et al., 2015). Hence, the use of a Neurog2–/–; DWE mouse line has allowed the assessment of first wave progenitors in the absence of Neurog2 in a context where Neurog1 can still be expressed. It has been observed that first wave progenitors have the ability to express Neurog1 even in the absence of Neurog2, but in a delayed manner, consistent with a first phase of Neurog1 expression dependent of Neurog2 and a later one that is not, as previously suggested by Ma et al., 1999. Interestingly, the delayed induction of Neurog1 in Neurog2–/–; DWE mutants is coupled with a change in the proportion of neuronal subtypes compared to simple DWE mutants, with a decrease of mechano- and proprioceptors and an increase of late-born nociceptors which are normally not produced by first wave progenitors. This identity switch could be caused by a divergent specification network between Neurog1 and Neurog2. It could also represent the consequence of the observed neurogenic delay caused by the later onset of Neurog1 and may reflect the influence of divergent environmental signals at different developmental times on the identity of sensory neuron subtypes, which still needs to be evidenced. These recent observations suggest that Neurog2 plays important functions during the first and second neurogenic waves. Two more observations further support this hypothesis: (1) Lineage analyses of Green Fluorescent Protein or Cre expressing Neurog2 locus have revealed the labeling of the vast majority of DRG neurons, including those specific of the second wave. (2) It has been reported almost three times more supernumerary melanoblasts into the Neurog2 mutants than in the Neurog2–/–; DWE mutants, therefore implying that around the two third of the supernumerary melanoblasts observed in the Neurog2 mutants come from second wave NCC precursors. This suggests that Neurog2 is expressed transiently in most, if not all sensory neuron precursors at some stage, probably before the induction of Neurog1 (Zirlinger et al., 2002; Bartesaghi et al., 2019; Soldatov et al., 2019; Ventéo et al., 2019).
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FIGURE 5. Contribution of Neurog proneural factors to DRG somatosensory neurogenesis in mouse. NCC delaminate from the dorsal part of the neural tube and differentiate into distinct lineages. Early expression of Neurog2 in migrating NCC prevents melanocyte fate in a subpopulation of progenitors dedicated to the somatosensory lineage (purple dashed arrow). Somatosensory neurons in DRG are generated during two overlapping waves of neurogenesis. The first wave occurs between E9.5 and E11.5 and is Neurog2-dependent. This wave contributes to ∼20% of the DRG neuronal population and mostly generates mechano/proprioceptive neurons as well as a subset of nociceptors which are the large diameter nociceptors. During the second wave, Neurog2 is not sufficient to drive the differentiation of progenitors but is required to ensure the on-time onset of Neurog1, which depends on Neurog2 for its expression between E9.5 and E10.5. Around E11, Neurog1 expression becomes independent of Neurog2 and can be observed until E13.5 in second wave progenitors. This second waves mainly produces small diameter nociceptor and contributes to ∼80% of the DRG neurons.




Transcription Factors Regulating the Core Gene Expression Program of Sensory Differentiation

A number of Neurog1/2 downstream TF have been identified that are activated in differentiating post-mitotic neuronal precursors and contribute to the establishment or maintenance of the neuronal program. They belong to distinct families, including the bHLH and HD families. Among them, the bHLH TF NeuroD1, NeuroD4 and Nscl1 and the HD TF Brn3a and Islet1.


NeuroD bHLH Family Members Are Downstream Mediators of Proneural Factors

In vertebrate cranial and spinal sensory ganglia, the genes encoding the bHLH factors NeuroD1 and NeuroD4 are directly regulated by Neurog1 and Neurog2, and their overall expression decreases as sensory neurons mature, which makes it a good readout of differentiating neurons (Ma et al., 1996, 1998; Sommer et al., 1996; Huang et al., 2000; Bertrand et al., 2002; Ventéo et al., 2019). Despite the extensive overlap between NeuroD1 and Neurog1/2 expression and their structural similarities, no apparent defects in sensory ganglia have been reported into NeuroD1-null mice, with the exception of the vestibulo-acoustic ganglia. This could be due to the overlapping expression of NeuroD1 and NeuroD4 in most cranial and spinal ganglia (Miyata et al., 1999; Kim et al., 2001; Pennesi et al., 2003). NeuroD1 has also been shown to share functional redundancy with another bHLH factor, Nscl1/Nhlh1, in the developing vestibulo-acoustic and petrose ganglia (Krüger et al., 2006). Mechanistically, Neurog2 and NeuroD1 share many target genes suggesting that they may act through a common core set of TF to induce neuronal differentiation. By modulating the chromatin landscape, NeuroD1 is able to orchestrate a long-term neurogenic transcriptional program that remains active even after its expression has extinguished (Pataskar et al., 2016). Besides, bHLH TF often reciprocally regulate their expression. For example, Neurog2 induces NeuroD1 and NeuroD4, which can cross-activate each other as well as other transcriptional targets (but are unable to induce Neurog2). These reciprocal relationships are likely to be required to robustly activate the network of other TF controlling neuronal differentiation (Fode et al., 1998; Ma et al., 1998; Seo et al., 2007).



Islet1 and Brn3a Are Major Regulators of Sensory Differentiation

Following the initiation of sensory neurogenesis controlled by Neurog1/2, the homeobox genes Brn3a (Pou4f1) and/or Islet1 start to be expressed in neuron committed precursors and differentiating sensory neurons and their expression is maintained throughout life (Fedtsova and Turner, 1995). Whereas Islet1 is detected in all cranial sensory ganglia, Brn3a is restricted to SSN (D’Autréaux et al., 2011). Loss of neurons have been reported in trigeminal, geniculate, cochlear, superior, jugular ganglia and DRG of Brn3a mutant embryos at late stages (Eng et al., 2001; Huang et al., 2001), and in all sensory ganglia of E11.5 Islet1 mutant embryos (Liang et al., 2011). In DRG of Islet1/Brn3a double knock-out embryos, sensory neurons express generic neural markers, but remain in an undifferentiated state, and fail to differentiate into functional subtypes. Transcriptomic analysis of DRG of single and double mutant embryos has revealed that they act epistatically to regulate the gene expression program of sensory differentiation (Dykes et al., 2011).

In trigeminal ganglia and DRG, Brn3a and Islet1 have a major function in the termination of the early neuronal differentiation phase by repressing NeuroD1, NeuroD4, and Neurog1, and in the repression of alternative genetic programs related to cardiac/cranial mesoderm and spinal cord/hindbrain development (Lanier et al., 2007, 2009; Sun et al., 2008; Dykes et al., 2011). Brn3a and Islet1 also have roles in sensory subtype specification, with proprioceptors and nociceptors having a greater dependence on Brn3a and Islet1, respectively. This has to do with Islet1 and Brn3a acting as upstream regulators of the Runt-related genes Runx1 and Runx3 (described below). Islet1 has been shown to be required for Runx1 expression in trigeminal ganglia and DRG (Sun et al., 2008). Brn3a is necessary for both Runx1 and Runx3 in trigeminal ganglia, and may act as a direct transactivator of Runx3 (Dykes et al., 2010; Zou et al., 2012). The failure of Islet1 and Brn3a mutants to appropriately activate Runx1/3 expression in trigeminal ganglia and DRG may account for most of their sensory phenotypes such as defective axon projections, neuron cell death and subtype specification defects. Mechanistically, Brn3a has been shown to cooperate with the pan-sensory zinc finger TF Klf7 to maintain, but not to initiate, the expression in DRG and trigeminal ganglia of the neurotrophin receptor TrkA, which plays critical roles in the survival and maturation of developing nociceptors (Huang and Reichardt, 2001; Laub et al., 2001). This appears to occur by direct binding of Brn3a and Klf7 to a Ntrk1 enhancer that drives its expression in TrkA+ neurons (Ma et al., 2003; Lei et al., 2005, 2006). Brn3a also interacts with the homeodomain interacting protein kinase 2 (HIPK2) cofactor, promoting its binding to DNA but suppressing its ability to activate TrkA expression (Wiggins et al., 2004).

Islet2, encoding a HD TF related to Islet1, is coexpressed with Islet1 in trigeminal, superior, jugular ganglia and DRG. However, no alteration of the development of these ganglia has been observed in Islet2 mutant embryos, suggesting functional redundancy with Islet1 (Thaler et al., 2004). The restricted and continuous expression of Islet2 in some adult cranial ganglia neuron clusters suggests, however, that it may have a unique function at later stages.

Like Brn3a, the related genes Brn3b (Pou4f2) and Brn3c (Pou4f3) are also expressed in developing somatosensory ganglia and remain expressed in some mature sensory neuron subtypes in adult mice (Badea et al., 2012). While no dramatic phenotype in sensory ganglia (and other CNS region) had been described in Brn3b KO and Brn3c KO mouse embryos (Huang et al., 2001; Zou et al., 2012; Sajgo et al., 2016), recent scRNA-seq analysis of DRG neurons of Brn3b and Brn3c mutant P0 embryos and the alterations observed in the axonal ending associated with Brn3b and Brn3c subtypes indicate that they contribute to the maturation of the specific sensory neuron subtypes in which they are expressed (Sharma et al., 2020).



Transcription Factors Assigning a Specific Neuronal Identity

NCC undergo sequential binary fate restriction decisions during their differentiation (Soldatov et al., 2019). The maturation of sensory precursors by the aforementioned pan-to-broad TF is rapidly followed or paralleled by the induction of TF with more restricted expression profiles that instruct them to adopt a specific neuronal identity. The different TF known to control binary fate decisions in DRG somatosensory neural precursors or differentiating neuron precursors are depicted in Figures 6A,B. For some of these TF, a role in the development of sympathetic ganglia has been described (Figure 6C).
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FIGURE 6. Transcription factors involved in neural crest derived dorsal root ganglia and sympathetic neuron development and diversification in mouse. Schematic overview of successive bipotent fate choices at different steps of DRG (A,B) and sympathetic (C) neuron development. (A) Generation of Aδ nociceptors and neurons of the mechano-/proprioceptive lineage during the first wave of DRG sensory neurogenesis. (B) Generation of neurons of the nociceptive lineage during the second wave of DRG sensory neurogenesis. These simplified representations highlight the influence of some transcription factor and receptors (underlined) in biasing a cell (NC derived progenitor, neural precursor or differentiating neuron) to a specific fate or neuronal lineage. +, activation; –, downregulation;→, maintained expression; NCC, neural crest cells; BCC, boundary cap cells. Note that some but not all the information in the figure has been validated using lineage tracing experiments. For more information, see the following references: Soldatov et al., 2019 (Prrx1, Neurog2); Ventéo et al., 2019 (Neurog2); Lallemend and Ernfors, 2012 (review DRG neuron specification); Peng et al., 2018 (miR 183, Shox2); Bartesaghi et al., 2019; Desiderio et al., 2019 (Prdm12, Egr2); Qi et al., 2017, 2020 (Runx1, NFIA); Lou et al., 2013, 2015 (Zfp521, Vglut3); Wheeler et al., 2014 (TNFR); Chen et al., 2017 (P75); Nagashimada et al., 2012 (Sox10, Phox2b); Furlan et al., 2013 (Hmx1, Tlx3).



Runx3 and the Control of the Mechano- and Proprioceptive Lineages

Members of the Runx family of TF (Runx1, Runx2, and Runx3 in mammals) are characterized by the highly conserved RUNT homology domain allowing nuclear translocation, DNA binding and protein-protein interactions. They also share an activation and an inhibitory domain as well as a C-terminal VWRPY motif that allow the recruitment of the Groucho/TLE co-repressors. During mouse embryonic development Runx factors have broad spatiotemporal expression patterns that overlap in some tissues. They have crucial roles in many developmental processes such as hematopoiesis, osteo-/chondrogenesis, neurogenesis, the formation of several glands and the regeneration of some tissues (Levanon et al., 2001; Wang and Stifani, 2017; Mevel et al., 2019).

In mouse DRG, Runx3 is expressed from E10.5 in a subset of sensory precursors expressing the NT3-dependent neurotrophic receptor TrkC and becomes restricted to most developing proprioceptors from around E11.5 onward (Levanon et al., 2002; Kramer et al., 2006). Runx3 is required for the specification, early survival and proper innervation of most DRG proprioceptors partly through an indirect role in the maintenance of TrkC expression (Levanon et al., 2002; Kramer et al., 2006; Inoue et al., 2007; Lallemend et al., 2012), an activity that does not require its VWRPY motif (Kramer et al., 2006; Yarmus et al., 2006). The sustained activity of Runx3 in TrkB+/TrkC+ neurons generated during the first wave of DRG neurogenesis is also important to reduce their differentiation potential into TrkB+ mechanoreceptors by repressing TrkB expression either directly, or indirectly by repression of Shox2 expression (Kramer et al., 2006; Inoue et al., 2007; Abdo et al., 2011).

Runx3 acting downstream of retinoic acid signaling appears also important in developing DRG to select which proprioceptive neurons are allowed to mature from those that will enter apoptosis, an essential selection step in the construction of functional neural circuits. Indeed, in brachial DRG, higher levels of expression of Runx3 and TrkC were found in the developing proprioceptors that preferentially survive during the cell death period (Wang et al., 2019a). Besides, Runx3 expression level, higher at brachial and lumbar levels, controls axonal growth rate of proprioceptors and is thus critical for the development of proper central and peripheral innervation (Levanon et al., 2002; Chen A.I.et al., 2006; Lallemend et al., 2012).

After peripheral innervation, Runx3 appears necessary for the maintenance of the identity of proprioceptive sensory neurons. At this stage, NT3-TrkC signaling produced by muscle cells is required for the maintenance of its expression. Thus Runx3 acts as a terminal selector TF for DRG proprioceptive neurons (Kramer et al., 2006; Wang et al., 2019b). Other studies, however, suggest that Runx3 may be also involved in the development of a subset of DRG cutaneous mechanoreceptive neurons (Nakamura et al., 2008; Yoshikawa et al., 2013).

In mouse trigeminal ganglia, Runx3 is expressed from E10.5 and is also involved in the maintenance and amplification of TrkC expression in a subset of TrkC+ neurons, partly by repressing TrkB. However, compared to DRG, downregulation of TrkC expression associated with loss or downregulation of Runx3 expression is not followed by neuronal loss in trigeminal ganglia, but rather by central and peripheral innervation defects (Levanon et al., 2002; Dykes et al., 2010; Senzaki et al., 2010; Appel et al., 2016). TrkC+ neurons in the trigeminal ganglia are thought to correspond to mechanoreceptors mainly innervating whiskers and the skin, that are respectively dependent and independent on Runx3 (Senzaki et al., 2010). Trigeminal proprioceptors that have their cell bodies in the mesencephalic trigeminal nucleus also express TrkC but do not depend on Runx3 as assessed by the presence of jaw muscles spindles in Runx3 KO embryos (Levanon et al., 2002).

Early Runx3 expression has also been detected in the petrose-nodose ganglionic complex (Levanon et al., 2001). Runx3 expression has been further highlighted by scRNA-seq in two VSN subtypes in nodose ganglia, both of them also characterized by TrkC expression (Kupari et al., 2019). While no important cell loss has been reported in petrose and nodose ganglia of Runx3 KO embryos at E13.5 (Levanon et al., 2002), the function of Runx3 and its potential involvement in the regulation of TrkC expression in these ganglia awaits further investigations.

Different isoforms of Runx factors, resulting from alternative promoter expression or alternative mRNA splicing, that can additionally be subjected to several post-translational modifications, have been described in vitro and in vivo, mostly in hematopoiesis and cancer models. Indeed, each Runx gene can be transcribed from two promoter regions (P1 and P2) with conserved architecture. These promoters have been shown to have different activity depending on the cellular context, and mRNA transcribed from P1 or P2 would show differences in translation efficiency and stability (Mevel et al., 2019). In a recent study, it was demonstrated that Runx3 expression in DRG and TG neurons essentially depends on its P2 promoter with differential requirement of three conserved upstream regulatory elements for distinct subtypes of TrkC neurons. Analysis of these sequences revealed potential binding sites for many TF like NeuroD, Brn3a, Islet1, Klf7 or Shox2, suggesting dynamic transcriptional integration. However, the in vivo relevance of these motifs has only been studied for Brn3a so far (Dykes et al., 2010; Appel et al., 2016).



Shox2 Is a Pivotal Factor in the Differentiation and Segregation of Touch Sensing Neurons

The TF Short stature homeobox 2 (Shox2) is initially expressed in most mouse DRG neurons from E10.5 but becomes rapidly restricted at later stages to the developing LTMR, which convey non-painful mechanical stimuli. LTMR comprise three classes of sensory mechanoreceptors that convey specific touch modalities: Aδ LTMR, Aβ rapidly adapting (RA) LTMR and Aβ slowly adapting LTMR which are also referred to as NF1, NF2 or NF3 sensory neurons based on scRNA-seq classification (Usoskin et al., 2015). These classes of neurons are discriminated by their expression level of the neurotrophic receptor TrkB which is high in NF1, low in NF2 and extinguished in NF3 that instead express TrkC. In Shox2 KO mice, most mechanoreceptor (NF1 and NF2) TrkB+ neurons fail to develop concomitantly with an apparent increase of TrkC+ NF3 neurons. Shox2 is thus required for the development of TrkB mechanoreceptors and to repress TrkC expression (Abdo et al., 2011; Scott et al., 2011).

Some TrkB+ LTMR and TrkC+ proprioceptors arise from a common pool of TrkB+/TrkC+ precursors. Their segregation relies on Shox2 and Runx3 and their interactions. While Shox2 is required for the acquisition of a TrkB+ phenotype, Runx3 drives the expression of the TrkC+ proprioceptive fate and represses Shox2 and TrkB (Abdo et al., 2011; Scott et al., 2011). Whether TrkC+ proprioceptive neurons are increased in Shox2 KO mice remains unknown. Shox2 is regulated by the microRNA miR-183 cluster that represses its expression. This microRNA miR-183 cluster appears important for the timely extinction of Shox2 and thus the correct population sizes of TrkB+ NF1 and TrkC+ NF3 neurons (Peng et al., 2018).

Shox2 is also expressed in vestibulo-acoustic, geniculate, petrose and nodose ganglia of chicken embryos (Patthey et al., 2016). In mouse, Shox2 expression has been reported in trigeminal and geniculate ganglia. In Shox2 KO mice, truncation of the facial nerves has been observed. However, this phenotype is likely indirect as the conditional loss of Shox2 throughout the CNS recapitulates the nerve defects (Rosin et al., 2015). The exact function of Shox2 into cranial sensory ganglia remains thus to be defined.



Maf Transcription Factors Are Crucial for the Phenotypic Maturation of Mechanoreceptors

Maf (musculoaponeurotic fibrosarcoma) proteins are members of the basic-leucine-zipper (bZIP) superfamily of TF. Two members of this family have been reported so far for the development of SSN; the proto-oncogene c-Maf and its paralog MafA. C-Maf and MafA start to be detected in mouse DRG at E10.5 or E11 in post-mitotic neuronal precursors and remain expressed in DRG neurons until adulthood or post-natal stage (P15), respectively. The expression of c-Maf is wider than that of MafA, with c-Maf expressing neurons defining two main subgroups. A group of sensory neurons which co-expresses c-Maf and MafA together with the tyrosine-kinase receptor Ret and correspond to the RA-LTMR, and c-Maf+ neurons that do not express Ret or MafA and corresponds to slowly adapting mechanoreceptors, proprioceptors and a small population of nociceptors (Bourane et al., 2009; Hu et al., 2012; Wende et al., 2012). C-Maf appears to be primarily important for the development of RA-LTMR which innervate hair follicles as well as Pacinian and Meissner corpuscles of the glabrous skin. A lack of c-Maf is correlated with an aberrant morphology of Meissner corpuscles and of a large proportion of lanceolate and circumferential endings associated with hair follicles as well as a striking reduction of Pacinian corpuscles and sensory afferents innervating them. Despite this dramatic phenotype, it is interesting to note that the loss of c-Maf in DRG is not associated with any cell death but is accompanied by sensory dysfunction of the affected mechanosensory fibers which have a reduced conduction velocity and abnormal firing properties. C-Maf is required upstream of Ret and MafA for their maintenance but not their initiation (Wende et al., 2012). Noteworthily, peripheral and central projection defects observed in c-Maf mutants have also been reported in Ret mutants. This would suggest that some defects identified in c-Maf mutants could be caused by the loss of Ret signaling (Bourane et al., 2009; Luo et al., 2009; Wende et al., 2012). Together, these data indicate that c-Maf, albeit it does not bias sensory progenitors to the mechanoreceptive fate, is essential for their maturation.

The role played by MafA in SSN is less clear. In MafA mutants, the proportion of TrkB+ and Ret+ myelinated neurons are slightly affected. However, this defect is not observed in c-Maf mutants suggesting that this more subtle phenotype could be bypassed by the wider functions of c-Maf (Bourane et al., 2009; Hu et al., 2012).

In cranial ganglia, scRNA-seq analysis of adult murine jugular and nodose ganglia has revealed that c-Maf is expressed in one group of jugular ganglion neurons and in subpopulations of VSN in the nodose ganglion that have mechanosensory features (Umans and Liberles, 2018; Kupari et al., 2019). The role of c-Maf and MafA in cranial ganglia remains to be investigated.

Another recent study has identified a role for c-Maf in myelinating Schwann cells ensheathing peripheral nerves in mouse. C-Maf can be detected from E18.5 in these cells and is necessary to promote a sustained high level of cholesterol synthesis required for the proper maintenance of myelin sheaths (Kim et al., 2018).



Prdm12 Is Essential for the Specification of the Nociceptive Lineage

Prdm12 belongs to the PR-Domain containing Methyltransferase (PRDM) family of epigenetic zinc finger regulators characterized by a N-terminal PR domain that is related to the SET domain found in many histone methyltransferases. In mammals, a poly-alanine tract is found on its C-terminal part (Hohenauer and Moore, 2012; Chen et al., 2015). During Xenopus and mouse embryonic development, Prdm12 is expressed in specific regions of the CNS as well as in developing trigeminal, vestibulo-acoustic, superior, jugular ganglia and DRG, where it is detected from progenitors to differentiating neurons (Kinameri et al., 2008; Thélie et al., 2015; Wang et al., 2017; Desiderio et al., 2019; Kupari et al., 2019). In trigeminal ganglia and DRG of mouse embryos, Prdm12 expression is restricted to developing nociceptors.

The role of Prdm12 in sensory neurogenesis has been investigated in Xenopus and mice. In frogs, Prdm12 knockdown using antisense morpholinos decreases the expression of trigeminal placode neuronal markers. Conversely, its overexpression in pluripotent animal cap explants upregulates somatosensory neuronal markers (Chen et al., 2015; Matsukawa et al., 2015; Nagy et al., 2015). In mice, upon Prdm12 depletion, nociceptive precursors fail to differentiate and eventually degenerate, while mechano- and proprioceptors are unaffected. In humans carrying deleterious PRDM12 homozygous mutations, this phenotype leads to a harmful condition termed CIP that causes a generalized inability to detect painful stimuli. Prdm12 is thus a critical determinant of nociceptive neurons (Chen et al., 2015; Bartesaghi et al., 2019; Desiderio et al., 2019).

How Prdm12 controls nociceptor development remains unclear. In mice, Prdm12 has been shown to be required for the survival and maturation of developing nociceptors in trigeminal, superior, jugular ganglia and DRG, through its role in the initiation and maintenance of the expression of the neurotrophic receptor TrkA (Desiderio et al., 2019). As Prdm12 is already detectable in trigeminal ganglia and DRG progenitors at E9.5 while TrkA is initiated around E11.5, it may, however, play an earlier unknown TrkA independent function. Prdm12 has further been proposed to be involved in the proliferation of DRG neuronal progenitors (Bartesaghi et al., 2019). A partial loss of Neurog1 and its downstream effectors has been reported in DRG of Prdm12 mutants but whether these losses are a consequence of the nociceptive neuron defects or play a role in their degeneration remains unclear (Bartesaghi et al., 2019; Desiderio et al., 2019). While in Xenopus animal cap explants fated to the sensory lineage by overexpressing the proneural factors Neurog1 or Neurog2 as well as in human induced pluripotent stem cells differentiated into sensory neuron, Prdm12 stimulates the expression of nociceptive markers, it does not lead to a dramatic sensory neuron conversion when overexpressed in chicken NCC, suggesting that it needs an appropriate permissive environment or dedicated partners to drive nociceptor development (Bartesaghi et al., 2019; Desiderio et al., 2019). Whether Prdm12 acts during sensory neurogenesis as a repressor or an activator remains to be determined. Despite it contains a PR domain related to histone methyltransferases, Prdm12 is unable to carry such an enzymatic activity by itself. Instead, it must recruit partners such as the repressive histone methyltransferase G9a to modulate the expression of target genes (Yang and Shinkai, 2013; Thélie et al., 2015). Moreover, ChIP-seq analysis of Prdm12 binding sites have not allowed the identification of a specific putative DNA binding motif, suggesting that it does not bind DNA directly (Thélie et al., 2015). Prdm12 may thus act as a bridge to allow the recruitment of epigenetic modifiers to specific DNA-binding proteins. This mode of action would suggest that depending on the cofactors available in nociceptors, Prdm12 would act on different targets to modulate distinct timely appropriate transcriptional programs.

In adult mice, Prdm12 remains expressed in subsets of nociceptors in trigeminal, superior, jugular ganglia and DRG, suggesting it may modulate the function of some mature nociceptors. Recently, another disorder, milder and more localized than CIP, designated MiTES has been identified in toddlers carrying biallelic expansions of the PRDM12 poly-alanine tract. These toddlers carry scratching lesions restricted to the face with no evidence of generalized pain insensitivity (Moss et al., 2018) suggesting that Prdm12 could play non-redundant functions in cranial and spinal sensory ganglia. Whether this phenotype reflects alteration of the development or functioning of specific nociceptors remains to be investigated.



Runx1 and the Diversification of the Nociceptive Lineage

In mouse DRG, second wave precursors that are characterized by TrkA expression and give rise to most neurons of the nociceptive lineage start to express Runx1 around E12.5. Runx1 activation depends on the TF Islet1 and the epigenetic regulator Prdm12 but does not require the NGF-TrkA signaling (Kramer et al., 2006; Sun et al., 2008; Huang et al., 2015; Desiderio et al., 2019). This signaling pathway is, however, crucial to initiate the expression of its cofactor, CBF-β, that complexes with Runx1 to activate a program of gene expression (including receptors and ion channels like TrpA1, TrpM8, and MrgprD) that is specific of nociceptors (Chen C.L.et al., 2006; Huang et al., 2015).

Although Runx1 is expressed in the TrkA lineage, it is not required for the initiation of TrkA expression, and thus for nociceptor early specification and survival. Runx1 rather refines different steps of the specification of nociceptors and allows their segregation into multiple subtypes (Chen C.L.et al., 2006; Yoshikawa et al., 2007). During the maturation phase of DRG nociceptive neurons, Runx1 plays a major role in the segregation of nociceptors into PEP and NPEP subclasses, by repressing the expression of genes encoding proteins associated with the PEP transcriptional program like TrkA and CGRP, an activity that does not require its C-terminal VWRPY motif (Chen C.L.et al., 2006; Kramer et al., 2006; Yang et al., 2013). The persistent expression of Runx1 is also crucial for correct specific central and peripheral innervation of NPEP neurons (i.e., spinal cord inner lamina II and skin epidermis; Chen C.L.et al., 2006; Yoshikawa et al., 2007; Yang et al., 2013). In that segregation process, Runx1 partly cooperates with the pan-neuronal HD TF Tlx3 to promote nociceptive precursors to adopt a NPEP identity, both factors being expressed independently of each other (Lopes et al., 2012). By regulating and/or cooperating with CBF-β and other TF like Zfp521, Runx1 also participates in the diversification of VGLUT3+ C-LTMR, and is further required in some NPEP neurons to acquire a pruriceptor identity partly by activating NFIA expression (Samad et al., 2010; Lou et al., 2013, 2015; Huang et al., 2015; Qi et al., 2020). It is, however, excluded from early-born Aδ myelinated nociceptors whose specification depends on the transient activation of NFIA (Qi et al., 2020).

In mouse trigeminal ganglia, Runx1 is detectable around E11. Early loss of TrkA+ nociceptive neurons by apoptosis has been observed in trigeminal ganglia of Runx1 KO embryos. Neuronal loss has also been observed in the vestibular portion of the Runx1 KO vestibulo-acoustic ganglion. The underlying mechanisms have not been investigated due to embryonic lethality around E12.5 of Runx1 KO embryos (Okuda et al., 1996; Theriault et al., 2004). Runx1 downregulation has also been observed in trigeminal ganglia of Brn3a KO embryos, however, here without apparent cell loss (Dykes et al., 2010). Runx1 and Brn3a may play a role in cell survival by cooperating in the maintenance of TrkA expression. Supporting this hypothesis, in vitro analysis in PC12 cells have shown that Brn3a and Runx1 can activate the Ntrk1 promoter, potentially by direct binding (Marmigère et al., 2006). The neuronal loss in Runx1 KO trigeminal ganglia, however, rather suggests that Runx1 is required for the survival of a subset of early generated nociceptive neurons independently of NGF-TrkA signaling. Whether as in DRG, Runx1 has roles in the postnatal diversification of nociceptive neurons in trigeminal, superior and jugular ganglia has not been investigated yet.

During vestibulo-acoustic ganglia segregation, Runx1, along with other TF like Tlx3, Tbx3 and Prdm12, is preferentially expressed in the vestibular ganglion, while TF like Prox1 and Gata3 are predominantly expressed in the cochlear ganglion (Nardelli et al., 1999; Lu et al., 2011; Desiderio et al., 2019). A similar phenotype as the one observed in the vestibulo-acoustic ganglia of Runx1 KO embryos has been described in mutants with dramatically reduced Islet1 expression, in Gata3 cKO mutants and in Brn3a KO embryos (Huang et al., 2001; Liang et al., 2011; Luo et al., 2013). However, the functions and potential interactions of these TF have not been extensively investigated. Also, cochlear or vestibular ganglia neuron loss or innervation defects observed in Gata3 cKO and Prox1 cKO mouse embryos may partly be caused indirectly by defects in the formation of adjacent inner ear structures, as observed when ablating Hmx2 and/or Hmx3, which are expressed in the otic vesicle but not in vestibulo-acoustic ganglia neurons (Wang et al., 2000, 2004; Fritzsch et al., 2010; Luo et al., 2013).



Phox2 Factors Are Essential Regulators of the Entire Visceral Reflex Circuits

The homeodomain TF Phox2a and Phox2b are unusual TF in the sense that they act as master regulators of the entire visceral reflex circuits. They control the differentiation of the afferent pathway consisting of VSN located in the geniculate, petrose and nodose ganglia and their CNS targets, neurons of the STN (Tiveron et al., 1996; Morin et al., 1997; Fode et al., 1998; Pattyn et al., 1999; Dauger et al., 2003). Phox2b is also essential for the development of the efferent pathway consisting of visceromotor neurons located in ganglia of the sympathetic, parasympathetic and ENS (Figure 6C). In Phox2b mutant embryos, these NC derived structures are absent or severely reduced due to impaired precursors migration and/or survival (Pattyn et al., 1999; Coppola et al., 2010b). The defective development of these structures in Phox2b conditional mutants may be due, at least partly, to the requirement of Phox2b to regulate the expression of the neurotrophin receptor Ret (Coppola et al., 2010a). In the CNS, Phox2a and Phox2b are required for the generation, specification and/or migration of neurons of the locus coeruleus, branchial and visceral motor neurons of the brainstem as well as oculomotor and trochlear nuclei in the isthmus region (Morin et al., 1997; Pattyn et al., 1997; Brunet and Goridis, 2008; D’Autréaux et al., 2011). Phox2a/b have also been established as regulators of the neuronal noradrenergic phenotype in the locus coeruleus as well as in sympathetic and enteric neurons where they are involved in the initiation and maintenance of the gene Dbh encoding for the Dopamine β-Hydroxylase, an enzyme involved in noradrenaline synthesis (Morin et al., 1997; Pattyn et al., 1999; Coppola et al., 2010a). Phox2b is further involved in the development of a population of glutamatergic neurons in the retrotrapezoid nucleus of the brainstem, which controls breathing (Dauger et al., 2003; Dubreuil et al., 2008). In line with these various functions, defective expression and/or function of Phox2b in mouse and human causes pathologies like CCHS, Hirschsprung disease and some types of neuroblastoma (Amiel et al., 2003; Dauger et al., 2003; Dubreuil et al., 2008; Nagashimada et al., 2012; Boeva et al., 2017). Phox2a mutations have further been linked to Congenital Fibrosis of extraocular muscles type 2 (CFEOM2), a pathological condition revealed by inherited strabismus (Nakano et al., 2001).

In cranial sensory ganglia, Phox2a and Phox2b are expressed throughout embryogenesis in geniculate, petrose and nodose ganglia and control the early steps of the VSN specification, with Phox2a being already expressed in epibranchial placodes and Phox2b being activated in aggregating neuroblasts (Pattyn et al., 1997). In the absence of either Phox2a or Phox2b, epibranchial neuroblast delamination and aggregation into ganglia seems unaffected, however, geniculate, petrose and nodose ganglia become atrophied, partly due to increased cell death (Morin et al., 1997; Fode et al., 1998; Pattyn et al., 1999; Dauger et al., 2003).

In cranial sensory ganglia as well as in oculomotor and trochlear nuclei, Phox2a controls the initiation of Phox2b, while in PNS autonomic components and in the hindbrain Phox2a expression depends on Phox2b (Morin et al., 1997; Pattyn et al., 1997, 1999). Despite Phox2a and Phox2b share an identical homeodomain and have overlapping expression patterns, they are not functionally equivalent. Indeed, constitutive ablation of Phox2a leads to a milder phenotype than observed in Phox2b KO embryos in most structures in which it is expressed downstream of Phox2b. This is the case of the sympathetic ganglia that remain relatively spared and retain a noradrenergic phenotype. They are, however, both required for the transient expression of Dbh that occurs during the development of geniculate, petrose and nodose ganglia (Morin et al., 1997; Pattyn et al., 1997, 1999). The specific and redundant aspects of the function of Phox2a and Phox2b have been further examined via the generation of mouse lines in which Phox2a has been inserted in place of Phox2b and vice-versa. While Phox2b can fully compensate for Phox2a function in cranial ganglia development, the opposite is not true as the replacement of Phox2b by Phox2a leads to embryos with smaller petrose and nodose ganglia. The molecular defects causing this late onset atrophy have, however, not been investigated (Coppola et al., 2005).

Strikingly, in the absence of Phox2b, VSN acquire a molecular signature and projection patterns akin to that of SSN. It has been suggested that Phox2b promotes a VSN over SSN identity via the repression of Brn3a, as reflected by their mutual exclusiveness in VSN and SSN, respectively (D’Autréaux et al., 2011). This further suggests an ontogeny mechanism involving competing programs of somatic versus visceral fate coactivated in cranial sensory precursors that would gradually switch to preferential and later exclusive expression of only one module (Soldatov et al., 2019). Determinants of SSN over VSN identity have, however, not yet been identified.

In the geniculate ganglia, Phox2a/b-expressing neurons also play an indirect role in the migration and aggregation of parasympathetic precursors through the facial nerve, and in the guidance of visceral motor neurons projections (Coppola et al., 2010b). The trophic support provided by geniculate ganglia neurons innervation is also required for the formation of the taste buds (Fan et al., 2019). Similarly, visceral sensory and motor fibers constituting the vagus nerve, via their guidance role in the migration of Schwann cell precursors, contribute to the development of the ENS around the esophagus and the stomach (Espinosa-Medina et al., 2017).

Two recent studies have found clues in deciphering steps of VSN diversification in geniculate ganglia, based on the dynamic expression of the TrkB and Ret receptors, and their interaction with Phox2b (Donnelly et al., 2018; Rios-Pilier and Krimm, 2019). During mouse development, until around E15.5, almost all geniculate Phox2b+ VSN express the BDNF receptor TrkB whose activation is important for their early survival and for tongue innervation. From that stage onward, TrkB expression becomes downregulated in about half of Phox2b+ neurons (Rios-Pilier and Krimm, 2019). Adult geniculate Phox2b+ neurons in which TrkB expression remains constant preferentially innervate Type III taste receptor cells in taste buds, while the others are thought to innervate Type II taste receptor cells and fungiform papillae epithelium (Rios-Pilier and Krimm, 2019). The GDNF receptor Ret has a biphasic function in the development and subsequent diversification of chemosensory neurons within the geniculate ganglia. It is activated by Phox2 factors early during the formation of the geniculate ganglia (Ret is transiently expressed in ∼70% of geniculate ganglia Phox2b+ neurons by E13.5) and in a feedback loop amplifies the expression of Phox2b during the early embryonic window before target innervation (Donnelly et al., 2018). Ret becomes extinguished perinatally and is reactivated postnatally in a subset of lingual mechanoreceptors. It is detected in ∼20% of geniculate Phox2b+ neurons, with only one third of geniculate Ret+ neurons expressing TrkB and Ret being expressed in very few (∼15%) geniculate SSN (Donnelly et al., 2018). Ret and TrkB are also widely expressed during mouse petrose and nodose ganglia development (Qian et al., 2001). Whether their expression also plays a role in neuronal diversification in these ganglia remains to be studied. Phox2a/b remains expressed in VSN of adult mice (Dvoryanchikov et al., 2017; Kupari et al., 2019) but their role following neurogenesis has not been characterized so far.

Phox2b is known to interact with Rnx/Tlx3, a homeodomain TF that is broadly expressed in all cranial ganglia and whose mutation, like that of Phox2b, also causes CCHS. In Tlx3 KO mice pups, the respiratory failure phenotype has been attributed to developmental defects in the hindbrain, especially in the STN and in the formation of noradrenergic centers, where Tlx3 has been found to be required for the maintenance of Phox2b (Shirasawa et al., 2000; Qian et al., 2001; Kondo et al., 2008). Phox2b expression appears, however, unaffected in petrose and nodose ganglia of Tlx3 mutant embryos (Qian et al., 2001). This could be due, however, to functional redundancy with other Tlx factors. As Tlx3 plays a role in the segregation of cholinergic sympathetic and NPEP DRG neurons (Lopes et al., 2012; Furlan et al., 2013), one cannot rule out a similar role in petrose and nodose ganglia subtype specification which could contribute to the CCHS phenotype. Several other TF have been identified, including some poorly characterized ones such as Prox2 (Nishijima and Ohtoshi, 2006), that are expressed in different types of neurons of the geniculate and nodose ganglia (Dvoryanchikov et al., 2017; Kupari et al., 2019) whose function in VSN diversification remains to be investigated.



DISCUSSION

In the last years, the important progresses achieved in the development of sequencing technologies have allowed the discovery of an unprecedented diversity of neurons in vertebrate CNS and PNS. Much work remains, however, to decipher the molecular mechanisms behind this diversification. To date, the involvement of several TF in the genesis and diversification of peripheral sensory neurons has been mostly studied in DRG. Many of these TF are, however, also expressed in other cranial ganglia, in which their function has mostly been poorly described. Some of them appears to have distinct function in distinct ganglia. For example, Brn3a does not seems to regulate identical targets in trigeminal, vestibulo-acoustic ganglia and DRG (Eng et al., 2004, 2007; Sherrill et al., 2019), even though a similar combination of factors governs the initial steps of neurogenesis in these ganglia. The TF Hmx1 which is expressed in all somatosensory ganglia appears to be primarily required for the development of the geniculate ganglia only (Quina et al., 2012). Those differences are most probably explained by the presence of context and time specific interaction partners and divergent chromatin landscapes, which in this case may be influenced by the cellular origin (placode versus neural crest) of the neural progenitors. Using direct neuronal programming of embryonic stem cells, it has been recently found that the two main vertebrate proneural factors, Ascl1 and Neurog2, induce different neuronal fates by binding to largely different sets of genomic sites, determined by the intrinsic activity of their bHLH domains. Because of this initial divergent binding, distinct chromatin landscapes are induced that shape the binding and function of their shared downstream TF factors during neuronal subtype specification. Thus, the regulatory activity of TF widely expressed during neuronal differentiation will not be identical when expressed downstream of Ascl1 or Neurog2 (Aydin et al., 2019).

Many TF that have an early role in sensory neuron development remain expressed until late steps of maturation or even until adulthood, suggesting they may have distinct stage dependent functions. As aforementioned, this is clearly the case for Islet1 and Runx1 in DRG nociceptive neurons (Sun et al., 2008; Samad et al., 2010; Wang et al., 2011; Qi et al., 2017). By scRNA-seq analysis of mouse DRG neurons performed at critical developmental time points, several TF have been identified as restricted to specific neuron subtypes in postmitotic differentiating cells that constitute new potential actors of their maturation. A model has been proposed in which multiple environmental cues act on developing axons of unspecified sensory neurons. Depending on the timing and trajectories of their projection patterns, these cues resolve the TF expression patterns of newborn somatosensory neurons from a coexpressed state to a subtype-restricted state, which allows their molecular, morphological and electrophysiological specialization (Faure et al., 2020; Sharma et al., 2020). How this switch occurs during cell fate decisions in neural crest remains unknown.

Till which extent some of the presented TF, acting alone or in combination, can shape the chromatin landscape associated with a specific neuronal type, and how a given cellular context dictates TF transcriptional targets remain largely unresolved questions. The rapidly growing field of multi-omic technologies, that already allows the parallel acquisition of transcriptomic data with (epi-)genomic or proteomic information from one single cell (Chappell et al., 2018; Hu et al., 2018), will probably highly contribute to our understanding of the mechanisms of cell fate acquisition during embryonic development.
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Endocytic recycling is an intracellular process that returns internalized molecules back to the plasma membrane and plays crucial roles not only in the reuse of receptor molecules but also in the remodeling of the different components of this membrane. This process is required for a diversity of cellular events, including neuronal morphology acquisition and functional regulation, among others. The recycling endosome (RE) is a key vesicular component involved in endocytic recycling. Recycling back to the cell surface may occur with the participation of several different Rab proteins, which are master regulators of membrane/protein trafficking in nerve cells. The RE consists of a network of interconnected and functionally distinct tubular subdomains that originate from sorting endosomes and transport their cargoes along microtubule tracks, by fast or slow recycling pathways. Different populations of REs, particularly those formed by Rab11, Rab35, and Arf6, are associated with a myriad of signaling proteins. In this review, we discuss the cumulative evidence suggesting the existence of heterogeneous domains of REs, controlling different aspects of neurogenesis, with a particular focus on the commonalities and singularities of these REs and their contribution to nerve development and differentiation in several animal models.
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INTRODUCTION

During neurodevelopment, dynamic morphological changes occur in migration, neurite outgrowth, dendritic spine formation, axon myelination, and synaptogenesis. These processes involve synthesis and classification of specific proteins, redistribution of cellular components, and membrane addition, among others. For this, the correct coordination and synchronization of the endosomal traffic machinery is essential (Platta and Stenmark, 2011).

Recycling endosomes (REs) play an important role in the reuse of receptor molecules as well as in the remodeling of the protein and lipid composition of the plasma membrane. Specifically, in neurons, they regulate retrograde neurotrophic signaling, axonal pathway fixation during protein development, renewal and degradation, vesicle recycling, and synaptic plasticity, among other processes (Kennedy and Ehlers, 2006; Dittman and Ryan, 2009; Winckler and Mellman, 2010; Itofusa and Kamiguchi, 2011). The morphology, distribution, and function of REs in polarized cells are different compared with other cells, especially with regard to their sorting ability, and in their recruitment of Rab proteins and adapters (Thompson et al., 2007; Fields et al., 2010). Due to the spatial demands of the neuron, REs are spread throughout soma, dendrites, and axons, unlike in non-neuronal cells where they are clustered tightly near the nucleus (Prekeris et al., 1999; Park et al., 2006; Ascano et al., 2009).

One of the best-characterized families related to the endosomal pathway is the Ras superfamily of small guanosine triphosphatase (small GTPases) related proteins, functioning as GDP/GTP-regulated molecular switches (Vetter and Wittinghofer, 2001). Based on sequence and similarity, Ras can be divided into five major classes: Ras, Rho, Rab, Ran, and Arf small GTPases.

Both Rab and Arf proteins, in their active state (bound to GTP), recruit endosome membrane-specific effector proteins (Novick and Zerial, 1997; Panopoulou et al., 2002) and are found in different subsets of membrane domains along the secretory and endocytic pathways. Recent roles for endosomal recycling pathways have been identified: (a) in the exocytic transport where exocytic proteins traverse through REs before their delivery to the plasma membrane (PM) (Ang et al., 2004; Cresawn et al., 2007; Misaki et al., 2010); (b) in retrograde transport, where cargoes internalized from PM, must pass through REs to reach the Golgi (Uchida et al., 2011; Bai and Grant, 2015); and (c) in degradation transport where REs participate to degradation or promoting autophagy (Husebye et al., 2010; Matsui et al., 2011; Longatti et al., 2012). However, these RE’s roles have not been described in neuronal cells.

Different markers have been associated with REs, such as Rab11, Rab35, and Arf6 (Calhoun and Goldenring, 1996). Some of the regulatory functions described for Rabs include the interaction with effector proteins that select cargo, the promotion of movement of vesicles to different compartments, and the verification of the correct fusion site. In addition, Rabs interact with GEFs (nucleotide exchange factors) or GAPs (GTPase-activating proteins) that act as activators or negative regulators, respectively (Hutagalung and Novick, 2011).

In this review, we analyze the accumulated evidence regarding different Rabs that share heterogeneous and dynamics domains in the RE, with an emphasis on Rab11, Rab35, and Arf6 and how they control the different cellular functions associated with neuronal development and differentiation in several models.



BRIEF DESCRIPTION OF RAB35, RAB11, AND ARF6 EXPRESSION

Rab35 transcripts are expressed ubiquitously and at similar levels in all major human tissues. The gene is evolutionarily conserved, with homologs present in invertebrates and other lower organisms. This suggests that Rab35 has important and general cellular and/or developmental functions (Zhu et al., 1994).

Arfs (ADP ribosylation factors) are expressed in all eukaryotes. There are six mammalian Arfs and many more Arf-like proteins. Arf6 has distinct peripheral membrane distributions and diverse cellular activities. Mammalian Arf6 homologs exist in almost all eukaryotes (Cavenagh et al., 1996; Al-Awar et al., 2000).

Rab11 is a GTPase encoded by three different genes, Rab11a, Rab11b, and Rab25, whose proteins are ubiquitously expressed; enriched in the brain, heart, and testis; or restricted to epithelia, respectively (Bhartur et al., 2000). In recent years, Rab11 has emerged as an important modulator of cellular transport by regulating the association of REs with trafficking vesicles, allowing the delivery of cellular components or signaling molecules to specific locations in the cell (Jing and Prekeris, 2009).



Rab11, Rab35, AND Arf6 RE-ASSOCIATED FUNCTIONS DURING MAMMALIAN NEURODEVELOPMENT

Neural development refers to those changes that occur in a cell from a completely undifferentiated stage to a differentiated or mature stage. Thus, we have focused on five aspects that we consider relevant to neuronal development, such as axonal and neurite growth, dendritic growth, migration of cortical neurons, synaptic plasticity, and glial differentiation and myelination.


Neurite Outgrowth and Axon Elongation

Neurite outgrowth is a process by which developing neurons produce new projections as they grow. In this regard, Rab35 favors axon elongation in rat primary neurons in an activity-dependent manner. In this regard, p53-related protein kinase (PRPK) negatively regulates axonal elongation by reducing Rab35 protein levels through the ubiquitin-proteasome degradation pathway (Villarroel-Campos et al., 2016b).

Studies in immortalized neuronal cells show that Rab35-induced neurite growth and baseline levels of neurite extension are attenuated by loss of function of Rab35 (using dominant-negative Rab35S22N or siRNA Rab35) (Chevallier et al., 2009). From these early studies, it became evident that Rab35 is key for coordinating and recruiting downstream Rab GTPases. A reciprocal control between Rab35 and Arf6 GTPases which is an important switch to control receptor recycling during cell migration (Allaire et al., 2013) and successful cytokinesis (Chesneau et al., 2012) has been proposed. Such regulatory mechanisms would be also essential to propelling neurite elongation. In this regard, ACAP2 (also known as centaurin-β2) functions as a Rab35 effector and as an Arf6-GAP during neurite growth. Rab35 accumulates in Arf6-positive endosomes in response to stimulation of the nerve growth factor (NGF), and ACAP2 is recruited into the same compartment in a Rab35-dependent manner (Kobayashi and Fukuda, 2012). By using siRNA, it was demonstrated that both Rab35 and MICAL-like protein 1 are necessary for the localization of Rabs 8, 13, and 36 in REs, indicating that Rab35 is crucial for regulating the localization of MICAL-L1, which in turn acts as a scaffold for the Rabs in endosome recycling. Finally, Rab35 regulates the formation of an association site between the molecular scissor EHD1 and Arf6-positive endosomes by integrating the functions of two different Rab35 effectors for the successful growth of neurites (Kobayashi and Fukuda, 2013).

In PC12 cells, TBC1D12 (Rab11-binding protein) also modulates the growth of neurites (Oguchi et al., 2017) and is regulated by Rabin8 through coordination with Rab8, Rab10, and Rab11 and by an independent mechanism from GEF activity (Homma and Fukuda, 2016). With this in mind, Furusawa et al. proposed an interesting mechanism for regulating membrane transport in growing axons: GRAB (a Rab8-GEF and also a regulator of axon extension) promotes axonal membrane transport by mediating the interaction between Rab11 and Rab8 in neurons. In addition, GRAB activity is regulated by phosphorylation of Cdk5-p35, thus modulating axonal growth through the Rab11-GRAB-Rab8 cascade (Furusawa et al., 2017). Moreover, by using light-induced heterodimerization, it was proposed that growth cone dynamics and axon growth of rat hippocampal neurons directly depend on the functioning of the Rab11 vesicle near the growth cone, rather than the general functions of Rab11 in other parts of the cell (van Bergeijk et al., 2015). In dorsal root ganglion neurons, the expression of Rab11 increases neurite length, and the knockdown of Rab11 by siRNA decreases neurite outgrowth (Eva et al., 2010).

Finally, there are numerous reports implicating Arf6 as a central regulator for local actin polymerization and/or dynamics. As an example, the activation of Arf6 induces the recycling of Rac1 (Zobel et al., 2018) and controls actin polymerization mediated by a direct interaction with RhoB (Zaoui et al., 2019), and EFA6 protein (Arf6 GEF) can interact directly with F-actin promoting its polymerization (Macia et al., 2019). Although these mechanisms have not been described as regulating neuronal functions, it seems plausible that coordination between the membrane and the actin dynamics observed in other cell types may be essential to coordinate the local release of the membrane and the modifications of the cytoskeleton that support axonal elongation.



Dendritic Growth

Initially, Arf6 and the Arf nucleotide-binding site opener (ARNO, which acts as Arf-GEF) were identified in the embryonic and adult hippocampus, as negative regulators of both the onset and branching of dendritic tree development, at 1–2 days in vitro (DIV) (Hernandez-Deviez et al., 2002). Later, the same authors expanded the described effects of these molecules to include the regulation of axonal elongation and branching during neuronal development, in early developmental stages (1–6 DIV) (Hernandez-Deviez et al., 2004). Subsequently, it was shown that signaling through ARNO is also necessary for Schwann cell myelination (Torii et al., 2015). Furthermore, Arf6-specific GAP (ACAP3) was shown to positively regulate neurite (axon and dendrites) growth in mouse hippocampal neurons (Miura et al., 2016).

Moreover, Rab11 has been reported to participate in the initiation, maintenance, and regulation of axonal and dendritic growth and synaptic transmission (Sann et al., 2009; Villarroel-Campos et al., 2016a). Results obtained in cortical neurons using constitutively active Rab11a-Q70L, but not dominant-negative Rab11a-S25N, showed the promotion of axonal growth (Takano et al., 2012). Subsequently, Takano et al. proposed that LMTK1 (lemur kinase 1A) negatively controlled dendrite growth and arborization, thus enhancing the movement of the Rab11a-positive endosome (to similar levels to those expressing Rab11A-Q70L) in a Cdk5-dependent manner (Takano et al., 2014). The dynamics of REs are regulated by BDNF (brain-derived neurotrophic factor) that increases Rab11 activity and recruits Rab11-positive vesicles for dendrites. Consistently, the overexpression of Rab11 in this context produces an increase in dendritic branching in neurons to 7 DIV (Lazo et al., 2013). On the contrary, neurons at 3 and 7 DIV show more complex dendritic arborization after Rab11 suppression, with an increase in the number of branching points and in the number of primary processes (arising directly from the soma) only at 3 DIV (Siri et al., 2020). The apparent discrepancy of phenotypes in the dendritic tree caused by Rab11 activity needs to be addressed by analyzing other stages of differentiation. Regarding Rab35, its participation in this process has not yet been described.

Since endo- and exocytosis mechanisms control essential features of receptors recycling controlling synaptic strength (Lamprecht and LeDoux, 2004), Arf6 functions linked to clathrin-dependent and independent endocytosis may provide light to uncover novel Arf6 functions coordinating dendritic remodeling and synaptic plasticity (Krauss et al., 2003).



Migration of Cortical Neurons

In situ experiments using in utero electroporation show how Arf6 regulates neuronal migration in the developing cerebral cortex and highlights the physiological relevance of the Arf6-dependent membrane trafficking pathway in cortex development. Low levels of Arf6-GTP are necessary for the early stages of corticogenesis (Arvanitis et al., 2013), as increasing levels of active Arf6 cause delays in radial migration and defective terminal branches of projection neurons (Falace et al., 2014). In addition, the physiological importance of ACAP3 (Arf6-GAP) in brain development in vivo has been shown. The knockdown of ACAP3 in developing cortical neurons of mice significantly abrogates neuronal migration in the cortical layer, which is restored by the ectopic expression of ACAP3, but not by its inactive GAP mutant (Miura and Kanaho, 2017).

Moreover, Rab11-dependent recycling to promote neuronal migration along radial glial fibers is essential in enabling active N-cadherin transport in locomotor neurons in the cerebral cortex (Kawauchi et al., 2010). In this regard, it is important to note that FIP3 (family interaction protein Rab11 3 (FIP3)/Arfophilin-1, a dual effector for Arf6 and Rab11) is a regulator of N-cadherin traffic through interaction with Arf6 and Rab11 in migratory neurons (Hara et al., 2016).

Finally, it is unknown whether Rab35 is involved in neuronal migration, and further studies are required to explore this point.



Synaptic Plasticity

Emerging evidence using in vitro and in vivo studies in hippocampal neurons has been shown that Arf6 (or Arf6-GEF or -GAP) regulates AMPA receptor trafficking and long-term synaptic plasticity at postsynaptic sites (Scholz et al., 2010; Myers et al., 2012; Oku and Huganir, 2013; Zheng et al., 2015). Moreover, an interesting report showed a new role for Arf6 in determining the size of releasable SVs and in promoting direct vs. endosomal recycling of these vesicles (Tagliatti et al., 2016). The location of Arf6 in the dendritic spines of mature neurons indicates that Arf6 is linked with synaptic plasticity. However, there are contradictory results in this regard, as Arf6-Q67L overexpression decreases the density of the spines, while the opposite result is obtained with the Arf6-T27N mutant in 21 DIV neurons (Miyazaki et al., 2005). Conversely, in 11 DIV neurons, activation of Arf6 (by overexpression of a fast-cycling Arf6 mutant—Arf6-T157A) increases spine density, whereas an Arf6 knockdown decreases spine formation (Choi et al., 2006). The answer to this controversy which was proposed by Kim et al. who suggested that the different abilities of Arf6 to regulate the formation and maintenance of the spine were related to maturation and neuronal activity: Arf6 activation increases the formation of the spine in developing neurons, yet it decreases the density of the spine in mature neurons (Kim et al., 2015).

Using high-resolution live-cell imaging, it was demonstrated that removal of Rab11 REs from dendritic spines decreases the level of AMPA receptors in the spine membrane and PSD-95 clusters in synapses, suggesting a mechanistic link between endosome positioning and the structure and composition of synapses (Esteves da Silva et al., 2015). Later, by investigating the putative regulators of endosomal trafficking involved in spinogenesis, many other molecules were identified. In this regard, TBC1D9B and LMTK1 (which controls the GAP activity of TBC1D9B in Rab11) have been proposed as novel factors that control spine formation by the Cdk5-LMTK1-TBC1D9B-Rab11 cascade (Nishino et al., 2019).



Glial Differentiation and Myelination

Many aspects of glial cell differentiation are regulated by functions associated with trafficking. In fact, Rab35 and ACAP2 (Rab35-GAP that also inactivates Arf6 activity) have been shown to downregulate the morphological differentiation of oligodendrocytes (OL). Suppression of Rab35 or ACAP2 promotes OL differentiation. The knockdown of Arf6 inhibits differentiation, indicating that Rab35 and ACAP2 regulate differentiation by downregulation of Arf6. Furthermore, using neuronal OL cultures, the loss of Rab35 or ACAP2 was found to promote myelination, while the deletion of Arf6 inhibits myelination (Miyamoto et al., 2014). Interestingly, and because the complete loss of Arf6 results in embryonic lethality (Suzuki et al., 2006), a conditional knockout mouse (CKO) was generated which lacked Arf6 in neurons, OLs, or both cell lineages. Under these conditions, and consistent with the results mentioned above, axonal myelination during neuronal development in vivo was affected in the hippocampus fimbria and corpus callosum, but only in neuron-specific Arf6-CKO mice; Arf6 also regulates the migration of oligodendrocyte precursor cells (OPCs) (Akiyama et al., 2014). Furthermore, the lack of Arf6 specifically in mouse Schwann cells reduces myelin thickness, consistent with the negative regulation of signaling molecules related to myelination, demonstrating that Arf6 plays a key role in the myelination process (Torii et al., 2015).

Regarding Rab11, a positive regulation of this Rab and the importance of the SH3TC2 (effector of Rab11)/Rab11 interaction for normal myelination has been demonstrated in dorsal root ganglia (Stendel et al., 2010).

Finally, Rab35 in addition to recycling functions also participate in endocytic trafficking functionally connected to Arf6 (Kanno et al., 2010; Dambournet et al., 2011; Donaldson et al., 2016). Rab35 and Arf6 antagonism previously described seems to be essential to balance the activity of these two small GTPases to fine tune endocytosis.

In conclusion, throughout the different aspects analyzed during the neurodevelopment of mammals, it is possible to determine the active role played by both Rab35 and Rab11, always acting as positive regulators. In contrast, Arf6 is a negative regulator (Figure 1). It would be interesting to evaluate the signals that activate the negative regulation of Arf6 and if the similar roles of Rab35 and Rab11 occur by synergy or modulating different aspects.
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FIGURE 1. Contributions of Rab11, Rab35, and Arf6 RE-associated in certain events related to neuronal development. A simplified outline of some RE-associated signaling cascades to Rab11, Rab35, and Arf6 involved in neuronal development (A). Schematic image showing the type of participation of Rab11, Rab35, and Arf6 RE-associated with axonal and neuritic growth (B), dendritic growth (C), cortical migration (D), and glial differentiation (E). Pointed arrows indicate positive regulation; blunt arrows indicate negative regulation.






Rab11, Rab35, AND Arf6 RE-ASSOCIATED FUNCTIONS DURING Xenopus laevis NEURODEVELOPMENT

TBC1d24, a Rab35 GAP, complexes with ephrinB2 via the scaffold Disheveled (Dsh) and mediates a signal affecting contact inhibition of locomotion in the cranial neural crest (CNC). Moreover, in the migrating CNC, the interaction between ephrinB2 and TBC1d24 negatively regulates E-cadherin recycling via Rab35 (Yoon et al., 2018).

Regarding Arf6, in Xenopus neurons at the neuromuscular junction, Arf6 modulates neurotransmitter release in a GEF msec 7-1-dependent fashion (Ashery et al., 1999).

Finally, Rab11 knockdown in rods leads to shortened outer segments and retinal degeneration, and the direct interaction between rhodopsin and Rab11 is required for the formation and maintenance of vertebrate photoreceptors (Reish et al., 2014).



Rab11, Rab35, AND Arf6 RE-ASSOCIATED FUNCTIONS DURING ZEBRAFISH (DANIO RERIO) NEURODEVELOPMENT

The modulation of Arf6 activity rescues interrupted traffic pathways at the start of photoreceptor development (George et al., 2016). Furthermore, zRab11-FIP4 (an ortholog of the Rab11-4 family interaction protein, Rab11-FIP4) is expressed predominantly in neural tissues, including the retina, and zRab11-FIP4 is involved in the regulation of proliferation and differentiation of retinal cells during development (Muto et al., 2006). Additional Rab11 genes (rab11a, rab11ba, and rab11bb) play vital and differential roles during Zebrafish embryonic development of the nervous system (Zhang et al., 2019).



Rab11, Rab35, AND Arf6 RE-ASSOCIATED FUNCTIONS DURING DROSOPHILA MELANOGASTER NEURODEVELOPMENT

The participation of Rab35 in the formation of Drosophila led to the identification of Fascin, a protein that groups actin as an effector of Rab35 (Zhang et al., 2009; Shim et al., 2010). In this sense, the effect of nuclear Rab11 Fallout (Nuf) on actin remodeling during cytokinesis has also been demonstrated, probably by compromising Rho-GEF2-Rho1 (Cao et al., 2008). Although Rab35 and Rab11 modulate the actin cytoskeleton in different processes of Drosophila development, their possible complementary roles have not yet been explored.

Rab35 plays a critical role in the regulation of PtdIns (4,5) levels in phase 2 (P2) of cytokinesis in Drosophila (Kouranti et al., 2006). Inactivation of Rab35 using a Rab35 S22N dominant-negative mutant induces the formation of abnormal intracellular vacuoles rich in PtdIns (4,5) in P2. This defect leads to delocalization of SEPTIN2 a protein that binds to PtdIns (4,5) and subsequent accumulation of F-actin. The relocation of SEPTIN2 from the plasma membrane in these vacuoles possibly explains the instability of the excision groove and cytokinesis failure, two phenotypes observed after inactivation of Rab35. Rab35 is also downregulated by Arf6 during cytokinesis (Chesneau et al., 2012).

The knockdown of Schizo (Arf6-GEF like mammalian Arf-GEP100) produces misguidance of commissural axons, thus demonstrating the importance of Arf6 in axonal guidance in vivo (Onel et al., 2004). Recently, it was reported that in Arf6-deficient mice many commissural axons were stalled at the midline, reinforcing the initial observations in Drosophila (Kinoshita-Kawada et al., 2019).

Moreover, Rab11 is required for membrane trafficking and actomyosin ring constriction in meiotic cytokinesis of Drosophila males (Giansanti et al., 2007). Furthermore, during the differentiation of photoreceptor terminals, adequate traffic and the location of rhodopsin is crucial for the morphogenesis of the rhabdomere, and Rab11 activity has a key role in the initial delivery of exocytic rhodopsin to the growing rhabdomere (Satoh et al., 2005), The Parcas protein is the predominant Rab11-GEF required for rhodopsin transport (Otsuka et al., 2019). The translocation of photoreceptor (R cell) nuclei during Drosophila development is a model system used to analyze mechanisms controlling neuronal migration and positioning during embryonic development. The Rab5-Shibire/dynamin-Rab11-dependent vesicular transport pathway is involved in R-cell positioning (Houalla et al., 2010). The movement of R-cell nuclei along the apical–basal axis in the developing fly visual system displays features very similar to the somal translocation of neurons from the ventricular zone to the cortical plate during the development of the mammalian cerebral cortex (Nadarajah and Parnavelas, 2002).

Mutant embryos expressing dominant-negative or constitutively active Rab11 or carrying null Rab11 show disorganization and misdirected embryonic axons (Bhuin and Roy, 2009). In addition, Rab11 is required for pruning the c4da neuronal dendrites (sensory dendritic arborization class IV), since the loss of Rab11 produces defects in the development of the larval dendrite and also in the location of two neuronal membrane proteins, Nrg and Ppk26 (cell adhesion molecule and mechanosensory ion channel, respectively) (Kramer et al., 2019).



Rab11, Rab35, AND Arf6 RE-ASSOCIATED FUNCTIONS DURING Caenorhabditis elegans NEURODEVELOPMENT

In response to stress, UNC-70/β-spectrin, and TBC-10, a conserved GAP, stabilize the hemidesmosome’s trans-epidermal junction structures that would otherwise be lost, causing axonal rupture and degeneration. Furthermore, TBC-10 regulates axonal fixation and maintenance by inactivating RAB-35 and reveals the functional conservation of these molecules with vertebrate orthologs (Coakley et al., 2020).

Recent studies show RAB-11-interacting protein (REI-1) as a new GEF for RAB-11. The loss of REI-1 impairs targeting of RAB-11 to the late Golgi compartment, as well as recycling of endosomes in embryos, and further reduces RAB-11 recruitment in the excision sulcus, retarding cytokinesis (Sakaguchi et al., 2015).



CONCLUDING REMARKS

The summarized evidence reveals the role of recycling endosomes in different developmental steps and animal models and that clearly one Rab does not rule them all. The RE data from Rab11, Rab35, and Arf6 suggest that heterogeneous domains of REs work synergistically, in some cases, and with opposite roles in others (Figure 1). Regarding this point, it would be interesting to understand the signals and the environmental requirements that allow it, as well as the possibility of a redundant function of these REs.

Furthermore, the presence and participation of these REs in several animal models throughout evolution are clear, indicating the relevance of these endosomes in functions that are conserved from lower to greater complexity levels in the nervous system.

Finally, the importance and the complex participation of other RE-resident Rab proteins required for neuronal development and synaptic function have been demonstrated in several publications and we summarized in Table 1. However, some questions remain unclear: how do these Rab orchestrate the different developmental processes? How are the signaling cascades linked to regulating each other? Understanding the coordination that these Rabs carry out for the correct establishment of sophisticated neuronal morphology and specialized compartmentalization is crucial for a better understanding of various aspects of neuronal physiology and pathophysiology.



TABLE 1. Main contributions of Rab RE-associated with neuronal development.


[image: Table 1]



AUTHOR CONTRIBUTIONS

VR-S, CG-B, and CC wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Fondo para la Investigación Científica y Tecnológica (FONCYT) PICT 2014-2119 and Roemmers Foundation Grant to CC; ANID/Fondecyt/1180419 and ANID/FONDAP/15150012 to CG-B; Research Grant from Universidad Nacional de Villa María to VR-S and CONICET Postdoctoral Fellowship Grant to VR-S. CC and CG-B were supported by the IBRO PROLAB grant. The figure was created using the Biorender program.



ACKNOWLEDGMENTS

We thank Michael Handford (Universidad de Chile) for language support.



REFERENCES

Akiyama, M., Hasegawa, H., Hongu, T., Frohman, M. A., Harada, A., Sakagami, H., et al. (2014). Trans-regulation of oligodendrocyte myelination by neurons through small GTPase Arf6-regulated secretion of fibroblast growth factor-2. Nat. Commun. 5:4744.

Al-Awar, O., Radhakrishna, H., Powell, N. N., and Donaldson, J. G. (2000). Separation of membrane trafficking and actin remodeling functions of ARF6 with an effector domain mutant. Mol. Cell Biol. 20, 5998–6007. doi: 10.1128/mcb.20.16.5998-6007.2000

Albertinazzi, C., Za, L., Paris, S., and de Curtis, I. (2003). ADP-ribosylation factor 6 and a functional PIX/p95-APP1 complex are required for Rac1B-mediated neurite outgrowth. Mol. Biol. Cell 14, 1295–1307. doi: 10.1091/mbc.e02-07-0406

Allaire, P. D., Seyed Sadr, M., Chaineau, M., Seyed Sadr, E., Konefal, S., Fotouhi, M., et al. (2013). Interplay between Rab35 and Arf6 controls cargo recycling to coordinate cell adhesion and migration. J. Cell Sci. 126(Pt. 3), 722–731. doi: 10.1242/jcs.112375

Ang, A. L., Taguchi, T., Francis, S., Folsch, H., Murrells, L. J., Pypaert, M., et al. (2004). Recycling endosomes can serve as intermediates during transport from the Golgi to the plasma membrane of MDCK cells. J. Cell Biol. 167, 531–543. doi: 10.1083/jcb.200408165

Arvanitis, D. N., Behar, A., Tryoen-Toth, P., Bush, J. O., Jungas, T., Vitale, N., et al. (2013). Ephrin B1 maintains apical adhesion of neural progenitors. Development 140, 2082–2092. doi: 10.1242/dev.088203

Ascano, M., Richmond, A., Borden, P., and Kuruvilla, R. (2009). Axonal targeting of Trk receptors via transcytosis regulates sensitivity to neurotrophin responses. J. Neurosci. 29, 11674–11685. doi: 10.1523/jneurosci.1542-09.2009

Ashery, U., Koch, H., Scheuss, V., Brose, N., and Rettig, J. (1999). A presynaptic role for the ADP ribosylation factor (ARF)-specific GDP/GTP exchange factor msec7-1. Proc. Natl. Acad. Sci. U.S.A. 96, 1094–1099. doi: 10.1073/pnas.96.3.1094

Bai, Z., and Grant, B. D. (2015). A TOCA/CDC-42/PAR/WAVE functional module required for retrograde endocytic recycling. Proc. Natl. Acad. Sci. U.S.A. 112, E1443–E1452.

Bhartur, S. G., Calhoun, B. C., Woodrum, J., Kurkjian, J., Iyer, S., Lai, F., et al. (2000). Genomic structure of murine Rab11 family members. Biochem. Biophys. Res. Commun. 269, 611–617. doi: 10.1006/bbrc.2000.2334

Bhuin, T., and Roy, J. K. (2009). Rab11 is required for embryonic nervous system development in Drosophila. Cell Tissue Res. 335, 349–356. doi: 10.1007/s00441-008-0711-8

Brown, T. C., Correia, S. S., Petrok, C. N., and Esteban, J. A. (2007). Functional compartmentalization of endosomal trafficking for the synaptic delivery of AMPA receptors during long-term potentiation. J. Neurosci. 27, 13311–13315. doi: 10.1523/jneurosci.4258-07.2007

Calhoun, B. C., and Goldenring, J. R. (1996). Rab proteins in gastric parietal cells: evidence for the membrane recycling hypothesis. Yale J. Biol. Med. 69, 1–8.

Cao, J., Albertson, R., Riggs, B., Field, C. M., and Sullivan, W. (2008). Nuf, a Rab11 effector, maintains cytokinetic furrow integrity by promoting local actin polymerization. J. Cell Biol. 182, 301–313. doi: 10.1083/jcb.200712036

Cavenagh, M. M., Whitney, J. A., Carroll, K., Zhang, C., Boman, A. L., Rosenwald, A. G., et al. (1996). Intracellular distribution of Arf proteins in mammalian cells. Arf6 is uniquely localized to the plasma membrane. J. Biol. Chem. 271, 21767–21774. doi: 10.1074/jbc.271.36.21767

Chesneau, L., Dambournet, D., Machicoane, M., Kouranti, I., Fukuda, M., Goud, B., et al. (2012). An ARF6/Rab35 GTPase cascade for endocytic recycling and successful cytokinesis. Curr. Biol. 22, 147–153. doi: 10.1016/j.cub.2011.11.058

Chevallier, J., Koop, C., Srivastava, A., Petrie, R. J., Lamarche-Vane, N., and Presley, J. F. (2009). Rab35 regulates neurite outgrowth and cell shape. FEBS Lett. 583, 1096–1101. doi: 10.1016/j.febslet.2009.03.012

Choi, S., Ko, J., Lee, J. R., Lee, H. W., Kim, K., Chung, H. S., et al. (2006). ARF6 and EFA6A regulate the development and maintenance of dendritic spines. J. Neurosci. 26, 4811–4819. doi: 10.1523/jneurosci.4182-05.2006

Coakley, S., Ritchie, F. K., Galbraith, K. M., and Hilliard, M. A. (2020). Epidermal control of axonal attachment via beta-spectrin and the GTPase-activating protein TBC-10 prevents axonal degeneration. Nat. Commun. 11:133.

Cresawn, K. O., Potter, B. A., Oztan, A., Guerriero, C. J., Ihrke, G., Goldenring, J. R., et al. (2007). Differential involvement of endocytic compartments in the biosynthetic traffic of apical proteins. EMBO J. 26, 3737–3748. doi: 10.1038/sj.emboj.7601813

Dambournet, D., Machicoane, M., Chesneau, L., Sachse, M., Rocancourt, M., El Marjou, A., et al. (2011). Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis. Nat. Cell Biol. 13, 981–988. doi: 10.1038/ncb2279

Dey, S., Banker, G., and Ray, K. (2017). Anterograde transport of Rab4-associated vesicles regulates synapse organization in Drosophila. Cell Rep. 18, 2452–2463. doi: 10.1016/j.celrep.2017.02.034

Di Giovanni, S., De Biase, A., Yakovlev, A., Finn, T., Beers, J., Hoffman, E. P., et al. (2005). In vivo and in vitro characterization of novel neuronal plasticity factors identified following spinal cord injury. J. Biol. Chem. 280, 2084–2091. doi: 10.1074/jbc.m411975200

Dittman, J., and Ryan, T. A. (2009). Molecular circuitry of endocytosis at nerve terminals. Annu. Rev. Cell Dev. Biol. 25, 133–160. doi: 10.1146/annurev.cellbio.042308.113302

Donaldson, J. G., Johnson, D. L., and Dutta, D. (2016). Rab and Arf G proteins in endosomal trafficking and cell surface homeostasis. Small GTPases 7, 247–251. doi: 10.1080/21541248.2016.1212687

Esteves da Silva, M., Adrian, M., Schatzle, P., Lipka, J., Watanabe, T., Cho, S., et al. (2015). Positioning of AMPA receptor-containing endosomes regulates synapse architecture. Cell Rep. 13, 933–943. doi: 10.1016/j.celrep.2015.09.062

Eva, R., Dassie, E., Caswell, P. T., Dick, G., ffrench-Constant, C., Norman, J. C., et al. (2010). Rab11 and its effector Rab coupling protein contribute to the trafficking of beta 1 integrins during axon growth in adult dorsal root ganglion neurons and PC12 cells. J. Neurosci. 30, 11654–11669. doi: 10.1523/jneurosci.2425-10.2010

Falace, A., Buhler, E., Fadda, M., Watrin, F., Lippiello, P., Pallesi-Pocachard, E., et al. (2014). TBC1D24 regulates neuronal migration and maturation through modulation of the ARF6-dependent pathway. Proc. Natl. Acad. Sci. U.S.A. 111, 2337–2342. doi: 10.1073/pnas.1316294111

Falk, J., Konopacki, F. A., Zivraj, K. H., and Holt, C. E. (2014). Rab5 and Rab4 regulate axon elongation in the Xenopus visual system. J. Neurosci. 34, 373–391. doi: 10.1523/jneurosci.0876-13.2014

Fields, I. C., King, S. M., Shteyn, E., Kang, R. S., and Folsch, H. (2010). Phosphatidylinositol 3,4,5-trisphosphate localization in recycling endosomes is necessary for AP-1B-dependent sorting in polarized epithelial cells. Mol. Biol. Cell 21, 95–105. doi: 10.1091/mbc.e09-01-0036

Furusawa, K., Asada, A., Urrutia, P., Gonzalez-Billault, C., Fukuda, M., and Hisanaga, S. I. (2017). Cdk5 Regulation of the GRAB-Mediated Rab8-Rab11 Cascade in Axon Outgrowth. J. Neurosci. 37, 790–806. doi: 10.1523/jneurosci.2197-16.2016

George, A. A., Hayden, S., Stanton, G. R., and Brockerhoff, S. E. (2016). Arf6 and the 5phosphatase of synaptojanin 1 regulate autophagy in cone photoreceptors. Bioessays 38, (Suppl. 1), S119–S135.

Gerges, N. Z., Backos, D. S., and Esteban, J. A. (2004). Local control of AMPA receptor trafficking at the postsynaptic terminal by a small GTPase of the Rab family. J. Biol. Chem. 279, 43870–43878. doi: 10.1074/jbc.m404982200

Giansanti, M. G., Belloni, G., and Gatti, M. (2007). Rab11 is required for membrane trafficking and actomyosin ring constriction in meiotic cytokinesis of Drosophila males. Mol. Biol. Cell 18, 5034–5047. doi: 10.1091/mbc.e07-05-0415

Hara, Y., Fukaya, M., Hayashi, K., Kawauchi, T., Nakajima, K., and Sakagami, H. (2016). ADP ribosylation Factor 6 regulates neuronal migration in the developing cerebral cortex through FIP3/Arfophilin-1-dependent Endosomal Trafficking of N-cadherin. eNeuro 3:148.

Hernandez-Deviez, D. J., Casanova, J. E., and Wilson, J. M. (2002). Regulation of dendritic development by the ARF exchange factor ARNO. Nat. Neurosci. 5, 623–624. doi: 10.1038/nn865

Hernandez-Deviez, D. J., Roth, M. G., Casanova, J. E., and Wilson, J. M. (2004). ARNO and ARF6 regulate axonal elongation and branching through downstream activation of phosphatidylinositol 4-phosphate 5-kinase alpha. Mol. Biol. Cell 15, 111–120. doi: 10.1091/mbc.e03-06-0410

Homma, Y., and Fukuda, M. (2016). Rabin8 regulates neurite outgrowth in both GEF activity-dependent and -independent manners. Mol. Biol. Cell 27, 2107–2118. doi: 10.1091/mbc.e16-02-0091

Hoogenraad, C. C., Popa, I., Futai, K., Martinez-Sanchez, E., Wulf, P. S., van Vlijmen, T., et al. (2010). Neuron specific Rab4 effector GRASP-1 coordinates membrane specialization and maturation of recycling endosomes. PLoS Biol. 8:e1000283. doi: 10.1371/journal.pbio.1000283

Houalla, T., Shi, L., van Meyel, D. J., and Rao, Y. (2010). Rab-mediated vesicular transport is required for neuronal positioning in the developing Drosophila visual system. Mol. Brain 3:19. doi: 10.1186/1756-6606-3-19

Huber, L. A., Dupree, P., and Dotti, C. G. (1995). A deficiency of the small GTPase rab8 inhibits membrane traffic in developing neurons. Mol. Cell Biol. 15, 918–924. doi: 10.1128/mcb.15.2.918

Huber, L. A., Pimplikar, S., Parton, R. G., Virta, H., Zerial, M., and Simons, K. (1993). Rab8, a small GTPase involved in vesicular traffic between the TGN and the basolateral plasma membrane. J. Cell Biol. 123, 35–45. doi: 10.1083/jcb.123.1.35

Huh, M., Han, J. H., Lim, C. S., Lee, S. H., Kim, S., Kim, E., et al. (2003). Regulation of neuritogenesis and synaptic transmission by msec7-1, a guanine nucleotide exchange factor, in cultured Aplysia neurons. J. Neurochem. 85, 282–285. doi: 10.1046/j.1471-4159.2003.01718.x

Husebye, H., Aune, M. H., Stenvik, J., Samstad, E., Skjeldal, F., Halaas, O., et al. (2010). The Rab11a GTPase controls Toll-like receptor 4-induced activation of interferon regulatory factor-3 on phagosomes. Immunity 33, 583–596. doi: 10.1016/j.immuni.2010.09.010

Hutagalung, A. H., and Novick, P. J. (2011). Role of Rab GTPases in membrane traffic and cell physiology. Physiol. Rev. 91, 119–149. doi: 10.1152/physrev.00059.2009

Itofusa, R., and Kamiguchi, H. (2011). Polarizing membrane dynamics and adhesion for growth cone navigation. Mol. Cell Neurosci. 48, 332–338. doi: 10.1016/j.mcn.2011.03.007

Jing, J., and Prekeris, R. (2009). Polarized endocytic transport: the roles of Rab11 and Rab11-FIPs in regulating cell polarity. Histol. Histopathol. 24, 1171–1180.

Kanno, E., Ishibashi, K., Kobayashi, H., Matsui, T., Ohbayashi, N., and Fukuda, M. (2010). Comprehensive screening for novel rab-binding proteins by GST pull-down assay using 60 different mammalian Rabs. Traffic 11, 491–507. doi: 10.1111/j.1600-0854.2010.01038.x

Kawauchi, T., Sekine, K., Shikanai, M., Chihama, K., Tomita, K., Kubo, K., et al. (2010). Rab GTPases-dependent endocytic pathways regulate neuronal migration and maturation through N-cadherin trafficking. Neuron 67, 588–602. doi: 10.1016/j.neuron.2010.07.007

Kennedy, M. J., and Ehlers, M. D. (2006). Organelles and trafficking machinery for postsynaptic plasticity. Annu. Rev. Neurosci. 29, 325–362. doi: 10.1146/annurev.neuro.29.051605.112808

Kim, Y., Lee, S. E., Park, J., Kim, M., Lee, B., Hwang, D., et al. (2015). ADP-ribosylation factor 6 (ARF6) bidirectionally regulates dendritic spine formation depending on neuronal maturation and activity. J. Biol. Chem. 290, 7323–7335. doi: 10.1074/jbc.m114.634527

Kinoshita-Kawada, M., Hasegawa, H., Hongu, T., Yanagi, S., Kanaho, Y., Masai, I., et al. (2019). A crucial role for Arf6 in the response of commissural axons to Slit. Development 146:dev172106. doi: 10.1242/dev.172106

Kobayashi, H., Etoh, K., Ohbayashi, N., and Fukuda, M. (2014). Rab35 promotes the recruitment of Rab8, Rab13 and Rab36 to recycling endosomes through MICAL-L1 during neurite outgrowth. Biol. Open 3, 803–814. doi: 10.1242/bio.20148771

Kobayashi, H., and Fukuda, M. (2012). Rab35 regulates Arf6 activity through centaurin-beta2 (ACAP2) during neurite outgrowth. J. Cell Sci. 125(Pt. 9), 2235–2243. doi: 10.1242/jcs.098657

Kobayashi, H., and Fukuda, M. (2013). Rab35 establishes the EHD1-association site by coordinating two distinct effectors during neurite outgrowth. J. Cell Sci. 126(Pt. 11), 2424–2435. doi: 10.1242/jcs.117846

Koseki, H., Donega, M., Lam, B. Y., Petrova, V., van Erp, S., Yeo, G. S., et al. (2017). Selective rab11 transport and the intrinsic regenerative ability of CNS axons. eLife 6:e26956.

Kouranti, I., Sachse, M., Arouche, N., Goud, B., and Echard, A. (2006). Rab35 regulates an endocytic recycling pathway essential for the terminal steps of cytokinesis. Curr. Biol. 16, 1719–1725. doi: 10.1016/j.cub.2006.07.020

Kramer, R., Rode, S., and Rumpf, S. (2019). Rab11 is required for neurite pruning and developmental membrane protein degradation in Drosophila sensory neurons. Dev. Biol. 451, 68–78. doi: 10.1016/j.ydbio.2019.03.003

Krauss, M., Kinuta, M., Wenk, M. R., De Camilli, P., Takei, K., and Haucke, V. (2003). ARF6 stimulates clathrin/AP-2 recruitment to synaptic membranes by activating phosphatidylinositol phosphate kinase type Igamma. J. Cell Biol. 162, 113–124. doi: 10.1083/jcb.200301006

Lamprecht, R., and LeDoux, J. (2004). Structural plasticity and memory. Nat. Rev. Neurosci. 5, 45–54.

Lazo, O. M., Gonzalez, A., Ascano, M., Kuruvilla, R., Couve, A., and Bronfman, F. C. (2013). BDNF regulates Rab11-mediated recycling endosome dynamics to induce dendritic branching. J. Neurosci. 33, 6112–6122. doi: 10.1523/jneurosci.4630-12.2013

Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S., Barr, F. A., and Tooze, S. A. (2012). TBC1D14 regulates autophagosome formation via Rab11- and ULK1-positive recycling endosomes. J. Cell Biol. 197, 659–675. doi: 10.1083/jcb.201111079

Macia, E., Partisani, M., Wang, H., Lacas-Gervais, S., Le Clainche, C., Luton, F., et al. (2019). The C-terminal domain of EFA6A interacts directly with F-actin and assembles F-actin bundles. Sci. Rep. 9:19209.

Matsui, T., Itoh, T., and Fukuda, M. (2011). Small GTPase Rab12 regulates constitutive degradation of transferrin receptor. Traffic 12, 1432–1443. doi: 10.1111/j.1600-0854.2011.01240.x

Misaki, R., Morimatsu, M., Uemura, T., Waguri, S., Miyoshi, E., Taniguchi, N., et al. (2010). Palmitoylated Ras proteins traffic through recycling endosomes to the plasma membrane during exocytosis. J. Cell Biol. 191, 23–29. doi: 10.1083/jcb.200911143

Miura, Y., Hongu, T., Yamauchi, Y., Funakoshi, Y., Katagiri, N., Ohbayashi, N., et al. (2016). ACAP3 regulates neurite outgrowth through its GAP activity specific to Arf6 in mouse hippocampal neurons. Biochem. J. 473, 2591–2602. doi: 10.1042/bcj20160183

Miura, Y., and Kanaho, Y. (2017). ACAP3, the GTPase-activating protein specific to the small GTPase Arf6, regulates neuronal migration in the developing cerebral cortex. Biochem. Biophys. Res. Commun. 493, 1089–1094. doi: 10.1016/j.bbrc.2017.09.076

Miyamoto, Y., Yamamori, N., Torii, T., Tanoue, A., and Yamauchi, J. (2014). Rab35, acting through ACAP2 switching off Arf6, negatively regulates oligodendrocyte differentiation and myelination. Mol. Biol. Cell 25, 1532–1542. doi: 10.1091/mbc.e13-10-0600

Miyazaki, H., Yamazaki, M., Watanabe, H., Maehama, T., Yokozeki, T., and Kanaho, Y. (2005). The small GTPase ADP-ribosylation factor 6 negatively regulates dendritic spine formation. FEBS Lett. 579, 6834–6838. doi: 10.1016/j.febslet.2005.11.022

Mori, Y., Fukuda, M., and Henley, J. M. (2014). Small GTPase Rab17 regulates the surface expression of kainate receptors but not alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in hippocampal neurons via dendritic trafficking of Syntaxin-4 protein. J. Biol. Chem. 289, 20773–20787. doi: 10.1074/jbc.m114.550632

Mori, Y., Matsui, T., and Fukuda, M. (2013). Rabex-5 protein regulates dendritic localization of small GTPase Rab17 and neurite morphogenesis in hippocampal neurons. J. Biol. Chem. 288, 9835–9847. doi: 10.1074/jbc.m112.427591

Mori, Y., Matsui, T., Furutani, Y., Yoshihara, Y., and Fukuda, M. (2012). Small GTPase Rab17 regulates dendritic morphogenesis and postsynaptic development of hippocampal neurons. J. Biol. Chem. 287, 8963–8973. doi: 10.1074/jbc.m111.314385

Muto, A., Arai, K., and Watanabe, S. (2006). Rab11-FIP4 is predominantly expressed in neural tissues and involved in proliferation as well as in differentiation during zebrafish retinal development. Dev. Biol. 292, 90–102. doi: 10.1016/j.ydbio.2005.12.050

Myers, K. R., Wang, G., Sheng, Y., Conger, K. K., Casanova, J. E., and Zhu, J. J. (2012). Arf6-GEF BRAG1 regulates JNK-mediated synaptic removal of GluA1-containing AMPA receptors: a new mechanism for nonsyndromic X-linked mental disorder. J. Neurosci. 32, 11716–11726. doi: 10.1523/jneurosci.1942-12.2012

Nadarajah, B., and Parnavelas, J. G. (2002). Modes of neuronal migration in the developing cerebral cortex. Nat. Rev. Neurosci. 3, 423–432. doi: 10.1038/nrn845

Nishino, H., Saito, T., Wei, R., Takano, T., Tsutsumi, K., Taniguchi, M., et al. (2019). The LMTK1-TBC1D9B-Rab11A cascade regulates dendritic spine formation via endosome trafficking. J. Neurosci. 39, 9491–9502. doi: 10.1523/jneurosci.3209-18.2019

Novick, P., and Zerial, M. (1997). The diversity of Rab proteins in vesicle transport. Curr. Opin. Cell Biol. 9, 496–504. doi: 10.1016/s0955-0674(97)80025-7

Oguchi, M. E., Noguchi, K., and Fukuda, M. (2017). TBC1D12 is a novel Rab11-binding protein that modulates neurite outgrowth of PC12 cells. PLoS One 12:e0174883. doi: 10.1371/journal.pone.0174883

Oku, Y., and Huganir, R. L. (2013). AGAP3 and Arf6 regulate trafficking of AMPA receptors and synaptic plasticity. J. Neurosci. 33, 12586–12598. doi: 10.1523/jneurosci.0341-13.2013

Onel, S., Bolke, L., and Klambt, C. (2004). The Drosophila ARF6-GEF Schizo controls commissure formation by regulating Slit. Development 131, 2587–2594. doi: 10.1242/dev.01147

Otsuka, Y., Satoh, T., Nakayama, N., Inaba, R., Yamashita, H., and Satoh, A. K. (2019). Parcas is the predominant Rab11-GEF for rhodopsin transport in Drosophila photoreceptors. J. Cell Sci. 132:jcs231431. doi: 10.1242/jcs.231431

Panopoulou, E., Gillooly, D. J., Wrana, J. L., Zerial, M., Stenmark, H., Murphy, C., et al. (2002). Early endosomal regulation of Smad-dependent signaling in endothelial cells. J. Biol. Chem. 277, 18046–18052. doi: 10.1074/jbc.m107983200

Park, M., Salgado, J. M., Ostroff, L., Helton, T. D., Robinson, C. G., Harris, K. M., et al. (2006). Plasticity-induced growth of dendritic spines by exocytic trafficking from recycling endosomes. Neuron 52, 817–830. doi: 10.1016/j.neuron.2006.09.040

Platta, H. W., and Stenmark, H. (2011). Endocytosis and signaling. Curr. Opin. Cell Biol. 23, 393–403.

Prekeris, R., Foletti, D. L., and Scheller, R. H. (1999). Dynamics of tubulovesicular recycling endosomes in hippocampal neurons. J. Neurosci. 19, 10324–10337. doi: 10.1523/jneurosci.19-23-10324.1999

Reish, N. J., Boitet, E. R., Bales, K. L., and Gross, A. K. (2014). Nucleotide bound to rab11a controls localization in rod cells but not interaction with rhodopsin. J. Neurosci. 34, 14854–14863. doi: 10.1523/jneurosci.1943-14.2014

Riggs, B., Rothwell, W., Mische, S., Hickson, G. R., Matheson, J., Hays, T. S., et al. (2003). Actin cytoskeleton remodeling during early Drosophila furrow formation requires recycling endosomal components Nuclear-fallout and Rab11. J. Cell Biol. 163, 143–154.

Sakaguchi, A., Sato, M., Sato, K., Gengyo-Ando, K., Yorimitsu, T., Nakai, J., et al. (2015). REI-1 is a guanine nucleotide exchange factor regulating RAB-11 localization and function in C. elegans Embryos. Dev. Cell 35, 211–221.

Sakane, A., Honda, K., and Sasaki, T. (2010). Rab13 regulates neurite outgrowth in PC12 cells through its effector protein. JRAB/MICAL-L2. Mol. Cell. Biol. 30, 1077–1087.

Sann, S., Wang, Z., Brown, H., and Jin, Y. (2009). Roles of endosomal trafficking in neurite outgrowth and guidance. Trends Cell Biol. 19, 317–324.

Satoh, A. K., OTousa, J. E., Ozaki, K., and Ready, D. F. (2005). Rab11 mediates post-Golgi trafficking of rhodopsin to the photosensitive apical membrane of Drosophila photoreceptors. Development 132, 1487–1497.

Scholz, R., Berberich, S., Rathgeber, L., Kolleker, A., Kohr, G., and Kornau, H. C. (2010). AMPA receptor signaling through BRAG2 and Arf6 critical for long-term synaptic depression. Neuron 66, 768–780.

Shim, J., Lee, S. M., Lee, M. S., Yoon, J., Kweon, H. S., and Kim, Y. J. (2010). Rab35 mediates transport of Cdc42 and Rac1 to the plasma membrane during phagocytosis. Mol. Cell Biol. 30, 1421–1433.

Siri, S. O., Rozes-Salvador, V., de la Villarmois, E. A., Ghersi, M. S., Quassollo, G., Perez, M. F., et al. (2020). Decrease of Rab11 prevents the correct dendritic arborization, synaptic plasticity and spatial memory formation. Biochim. Biophys. Acta Mol. Cell Res. 1867:118735.

Stendel, C., Roos, A., Kleine, H., Arnaud, E., Ozcelik, M., Sidiropoulos, P. N., et al. (2010). SH3TC2, a protein mutant in Charcot-Marie-Tooth neuropathy, links peripheral nerve myelination to endosomal recycling. Brain 133(Pt. 8), 2462–2474.

Suzuki, T., Kanai, Y., Hara, T., Sasaki, J., Sasaki, T., Kohara, M., et al. (2006). Crucial role of the small GTPase ARF6 in hepatic cord formation during liver development. Mol. Cell Biol. 26, 6149–6156.

Tagliatti, E., Fadda, M., Falace, A., Benfenati, F., and Fassio, A. (2016). Arf6 regulates the cycling and the readily releasable pool of synaptic vesicles at hippocampal synapse. eLife 5:5.

Takano, T., Tomomura, M., Yoshioka, N., Tsutsumi, K., Terasawa, Y., Saito, T., et al. (2012). LMTK1/AATYK1 is a novel regulator of axonal outgrowth that acts via Rab11 in a Cdk5-dependent manner. J. Neurosci. 32, 6587–6599.

Takano, T., Urushibara, T., Yoshioka, N., Saito, T., Fukuda, M., Tomomura, M., et al. (2014). LMTK1 regulates dendritic formation by regulating movement of Rab11A-positive endosomes. Mol. Biol. Cell 25, 1755–1768.

Thompson, A., Nessler, R., Wisco, D., Anderson, E., Winckler, B., and Sheff, D. (2007). Recycling endosomes of polarized epithelial cells actively sort apical and basolateral cargos into separate subdomains. Mol. Biol. Cell 18, 2687–2697.

Torii, T., Ohno, N., Miyamoto, Y., Kawahara, K., Saitoh, Y., Nakamura, K., et al. (2015). Arf6 guanine-nucleotide exchange factor cytohesin-2 regulates myelination in nerves. Biochem. Biophys. Res. Commun. 460, 819–825.

Uchida, Y., Hasegawa, J., Chinnapen, D., Inoue, T., Okazaki, S., Kato, R., et al. (2011). Intracellular phosphatidylserine is essential for retrograde membrane traffic through endosomes. Proc. Natl. Acad. Sci. U.S.A. 108, 15846–15851.

Uytterhoeven, V., Kuenen, S., Kasprowicz, J., Miskiewicz, K., and Verstreken, P. (2011). Loss of skywalker reveals synaptic endosomes as sorting stations for synaptic vesicle proteins. Cell 145, 117–132.

van Bergeijk, P., Adrian, M., Hoogenraad, C. C., and Kapitein, L. C. (2015). Optogenetic control of organelle transport and positioning. Nature 518, 111–114.

Vetter, I. R., and Wittinghofer, A. (2001). The guanine nucleotide-binding switch in three dimensions. Science 294, 1299–1304.

Villarroel-Campos, D., Bronfman, F. C., and Gonzalez-Billault, C. (2016a). Rab GTPase signaling in neurite outgrowth and axon specification. Cytoskeleton 73, 498–507.

Villarroel-Campos, D., Henriquez, D. R., Bodaleo, F. J., Oguchi, M. E., Bronfman, F. C., Fukuda, M., et al. (2016b). Rab35 functions in axon elongation are regulated by P53-related protein kinase in a mechanism that involves Rab35 protein degradation and the microtubule-associated protein 1B. J. Neurosci. 36, 7298–7313.

Winckler, B., and Mellman, I. (2010). Trafficking guidance receptors. Cold Spring Harb. Perspect. Biol. 2:a001826.

Yoon, J., Hwang, Y. S., Lee, M., Sun, J., Cho, H. J., Knapik, L., et al. (2018). TBC1d24-ephrinB2 interaction regulates contact inhibition of locomotion in neural crest cell migration. Nat. Commun. 9:3491.

Zaoui, K., Rajadurai, C. V., Duhamel, S., and Park, M. (2019). Arf6 regulates RhoB subcellular localization to control cancer cell invasion. J. Cell Biol. 218, 3812–3826.

Zhang, H., Gao, Y., Qian, P., Dong, Z., Hao, W., Liu, D., et al. (2019). Expression analysis of Rab11 during zebrafish embryonic development. BMC Dev. Biol. 19:25. doi: 10.21203/rs.2.11110/v2

Zhang, J., Fonovic, M., Suyama, K., Bogyo, M., and Scott, M. P. (2009). Rab35 controls actin bundling by recruiting fascin as an effector protein. Science 325, 1250–1254.

Zheng, N., Jeyifous, O., Munro, C., Montgomery, J. M., and Green, W. N. (2015). Synaptic activity regulates AMPA receptor trafficking through different recycling pathways. eLife 13, 4.

Zhu, A. X., Zhao, Y., and Flier, J. S. (1994). Molecular cloning of two small GTP-binding proteins from human skeletal muscle. Biochem. Biophys. Res. Commun. 205, 1875–1882.

Zobel, M., Disanza, A., Senic-Matuglia, F., Franco, M., Colaluca, I. N., Confalonieri, S., et al. (2018). A NUMB-EFA6B-ARF6 recycling route controls apically restricted cell protrusions and mesenchymal motility. J. Cell Biol. 217, 3161–3182. doi: 10.1083/jcb.201802023


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Rozés-Salvador, González-Billault and Conde. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 18 January 2021
doi: 10.3389/fcell.2020.604030






[image: image2]

The Olfactory Organ Is Populated by Neutrophils and Macrophages During Early Development

M. Fernanda Palominos and Kathleen E. Whitlock*

Programa Doctorado en Neurociencia, Facultad de Ciencia, Centro Interdisciplinario de Neurociencia de Valparaíso (CINV), Instituto de Neurociencia, Universidad de Valparaíso, Valparaíso, Chile

Edited by:
Flavio Zolessi, Universidad de la República, Uruguay

Reviewed by:
Jan Kaslin, Australian Regenerative Medicine Institute (ARMI), Australia
 Serge van de Pavert, INSERM U1104 Centre d'immunologie de Marseille-Luminy (CIML), France

*Correspondence: Kathleen E. Whitlock, kathleen.whitlock@uv.cl

Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology

Received: 08 September 2020
 Accepted: 30 November 2020
 Published: 18 January 2021

Citation: Palominos MF and Whitlock KE (2021) The Olfactory Organ Is Populated by Neutrophils and Macrophages During Early Development. Front. Cell Dev. Biol. 8:604030. doi: 10.3389/fcell.2020.604030



The immune system of vertebrates is characterized by innate and adaptive immunity that function together to form the natural defense system of the organism. During development innate immunity is the first to become functional and is mediated primarily by phagocytic cells, including macrophages, neutrophils, and dendritic cells. In the olfactory sensory system, the same sensory neurons in contact with the external environment have their first synapse within the central nervous system. This unique architecture presents a potential gateway for the entry of damaging or infectious agents to the nervous system. Here we used zebrafish as a model system to examine the development of the olfactory organ and to determine whether it shares immune characteristics of a host defense niche described in other tissues. During early development, both neutrophils and macrophages appear coincident with the generation of the primitive immune cells. The appearance of neutrophils and macrophages in the olfactory organs occurs as the blood and lymphatic vascular system is forming in the same region. Making use of the neurogenic properties of the olfactory organ we show that damage to the olfactory sensory neurons in larval zebrafish triggers a rapid immune response by local and non-local neutrophils. In contrast, macrophages, although present in greater numbers, mount a slower response to damage. We anticipate our findings will open new avenues of research into the role of the olfactory-immune response during normal neurogenesis and damage-induced regeneration and contribute to our understanding of the formation of a potential host defense immune niche in the peripheral nervous system.

Keywords: nervous system, microglia, zebrafish, vasculature, neuron, macrophage, olfactory, immune


INTRODUCTION

The olfactory sensory system is composed of the peripheral olfactory epithelium (OE), where the continually renewing olfactory sensory neurons (OSNs) are located. The axons of the OSNs reach the central nervous system (CNS) via the olfactory nerve (ON), where they make their first synapses in the olfactory bulb (OB) (Sakano, 2010; Whitlock, 2015). Thus, unlike other sensory systems, the first synapses of the OSNs lie within the CNS. This unique organization creates a potential pathway for chemical or biological agents to enter the CNS. Yet, although pathogens can enter the CNS via the OE (Pägelow et al., 2018), it is striking that our brains are not besieged by infections that enter through this direct olfactory portal.

Recently, it has been shown that in mammals “host defense niches” exist where myeloid cell types, such as neutrophils, remain associated with the tissue instead of patrolling the body (Yipp et al., 2017). These resident cells have been described in the lungs, a tissue that like the olfactory epithelia comes in contact with potential damaging airborne substances. In mammals, the airways of the nose and mouth have a network of lymphoid tissue in the pharynx and palate (tonsils), called nasopharynx-associated lymphoid tissue, which protect against invasion by neurotropic microorganisms, including viruses. Like mammals, zebrafish have the basic myeloid cell types including monocytes, neutrophils, eosinophils, mast cells, and dendritic cells, yet they do not have organized lymphoid structures such as tonsils/lymph nodes. Limited studies suggest that fish have a diffuse network of lymphoid and myeloid cells associated with the olfactory organ (OO) that may resemble mucosal immune tissues (Tacchi et al., 2014).

Similar to mammals, zebrafish generate blood/immune cells in successive waves during development. In zebrafish, during the first phase of hematopoiesis, precursors arise from the mesoderm generating the rostral blood island (RBI) and intermediate cell mass (ICM) before entering the circulation (Davidson and Zon, 2004). Myeloid cell precursors including monocytes/macrophages and granulocytes develop by 12 h postfertilization (hpf) (Lieschke et al., 2002), and functional macrophages and neutrophils are present by 30 hpf (Herbomel et al., 1999; Le Guyader et al., 2008). The RBI will also give rise to larval microglia via primitive macrophages (Herbomel et al., 1999, 2001; Xu et al., 2015). The larval zebrafish has been used to study immune system development and function because of the optical clarity, availability of reporter lines expressed in immune cell types, and sequenced genome (Mathias et al., 2006; Renshaw et al., 2006; Hall et al., 2007). Because of the regenerative properties of fish, in tissues such as the tail and fins, zebrafish are readily amenable to wounding studies (induced by cutting the tail for example) where the response of the innate immune system can be visualized and manipulated in intact living animals (Mescher et al., 2017). Here we make use of the peripheral olfactory sensory system to explore the early development of immune cells types and their potential association with the OO.

Previously, through microarray and RNAseq analyses of adult OE zebrafish (Harden et al., 2006; Calfun et al., 2016), we found that, in addition to OE specific genes, genes normally expressed in both the innate and the adaptive immune systems were also expressed. These findings prompted us to investigate the potential “immune architecture” of the OE. Because of the early development of innate immune system (Masud et al., 2017), we investigated the presence and dynamics of neutrophils and macrophages in the olfactory sensory system of developing zebrafish to better characterize the immune cells as well as understand their potential response to damage in the developing OO.



MATERIALS AND METHODS


Animals

Zebrafish were maintained in a recirculating system (Aquatic Habitats Inc., Apopka, FL) at 28°C on a light–dark cycle of 14 and 10 h, respectively. All fish were maintained in the Whitlock Fish Facility at the Universidad de Valparaiso. Wild-type fish of the Cornell strain (derived from Oregon AB) were used. All protocols and procedures employed were reviewed and approved by the Institutional Committee of Bioethics for Research With Experimental Animals, University of Valparaiso (#BA084-2016). Embryos were obtained from natural spawnings in laboratory conditions and raised at 28.5°C in embryo medium as previously described (Westerfield, 2007). Staging was done according to Kimmel et al. (1995). At 5 days postfertilization (dpf), larvae were transferred to finger bowls and fed daily with Larval AP100 dry diet (Zeigler®) until processed. Larvae were defined as ranging from 3 to 14 dpf, and 21 dpf animals were considered as juveniles. Transgenic lines were used to visualize specific cell types. Tg(BACmpx:gfp)i114, Tg(mpx:GFP) Tg(mpx:EGFP), (Renshaw et al., 2006); (Tg(fli1a:EGFP)y1, Tg(fli1a:EGFP), (Lawson and Weinstein, 2002); Tg(−5.2lyve1b:DsRed)nz101, Tg(2lyve1b:DsRed) Tg(−5.2lyve1b:EGFP)nz151 Tg(lyve1b:EGFP), (Okuda et al., 2012); Tg(gata1a:DsRed)sd2, Tg(gata1a:DsRed) (Traver et al., 2003); Tg(pOMP2k:gap-YFP)rw032a, (OMP:YFP), Tg(pOMP2k:lyn-mRFP)rw035a, Tg(OMP:RFP), Tg(pTRPC4.5k:gap-Venus)rw037a (Sato et al., 2005); Tg(mpeg1:mCherry) (Ellett et al., 2011); and Tg(lysC:DsRED2), (Hall et al., 2007).



Copper Exposure

Initial dose–response analysis was performed based on previous work in zebrafish and salmon (Baldwin et al., 2003; Hernandez et al., 2011). A stock solution of 10 mM CuSO4 was diluted in filtered embryo medium (Westerfield, 2007) for a final concentration of 10 μM CuSO4. Staged larvae were exposed to 10 μM CuSO4 for 4 h and then washed out. The long-term effects of copper on neutrophil movement to the OO were quantified in individual larvae using adapted ChIn assay (d'Alençon et al., 2010).



Immunocytochemistry and Cell Labeling

Staged larvae were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.3, or 1× phosphate-buffered saline (PBS) pH 7.3. Larvae were rinsed three times in phosphate buffer or PBS, permeabilized in acetone at −20°C for 10 min and then incubated for 2 h in blocking solution [10 mg/mL bovine serum albumin, 1% dimethyl sulfoxide (DMSO), 0.5% Triton X-100 (Sigma), and 4% normal goat serum in 0.1 M phosphate buffer or 1× PBS]. Primary antibodies used were anti-RFP (rabbit 1:250, Life Technologies), anti-GFP (mouse 1:500, Life Technologies), anti-GFP (rabbit 1:500, Invitrogen), anti-SOX2 (mouse 1:250, Abcam), anti-DsRed (mouse 1:500, Santa Cruz Biotechnology), and anti-HuC/D (rabbit 1:500, Invitrogen). Larvae up to 14 days were incubated in primary antibodies for 3 to 4 days. After washes, tissues were incubated overnight in any of the following secondary antibodies as appropriate: Dylight 488–conjugated anti–mouse antibody (goat 1:500, Jackson ImmunoResearch), Alexa Fluor 488–conjugated anti–rabbit antibody (goat 1:1,000, Molecular Probes), Alexa Fluor 568 conjugated anti–rabbit antibody (goat 1:1,000, Molecular Probes), Alexa Fluor 568 conjugated anti-mouse antibody (goat 1:1,000, Molecular Probes), and Dylight 650 conjugated anti–rabbit antibody (goat 1:500, Jackson ImmunoResearch). Tissues were then rinsed in 0.1 M phosphate buffer or 1× PBS with 1% DMSO, stained for DAPI (1 μg/mL, Sigma), washed in 0.1 M phosphate buffer or 1× PBS and mounted in 1.5% low melting temperature agarose (Sigma) in an Attofluor Chamber for subsequent imaging (see below).



Cryosectioning

Seven-dpf larvae were sacrificed and then fixed and embedded in 5% sucrose/1.5% agarose in mqH2O. Blocks were then submerged in 30% sucrose for 2 to 3 days and then stored covered by O.C.T. Compound (Tissue-Tek®) in cryomolds at −20°C. Twenty-five-micrometer cryosections were processed for immunofluorescense as described above; primary and secondary antibodies were incubated overnight.



TUNEL Labeling

Larvae were processed using in situ Cell Death Detection Kit, Fluorescein (Roche), according to manufacturer recommendations. Briefly, larvae were permeabilized for 1 h at 37°C, washed twice, and labeled at the same temperature for 1 h. DAPI staining was used for nuclear labeling. Larvae were mounted in 2% low melting temperature agarose (Sigma) in an Attofluor Chamber for imaging (see below). Fluorescent signals in TUNEL-labeled preparations were quantified by mean pixel intensities from green (fluorescein from TUNEL staining), green (GFP from trpc2:GFP), and red (RFP from OMP:RFP) in OE and OB (selected as different ROIs in FIJI). Values were normalized by mean pixel intensity of the DAPI stained whole head (as another ROI).



Microscopy

Fluorescent images were acquired using a Spinning Disc microscope Olympus BX-DSU (Olympus Corporation, Shinjuku-ku, Tokyo, Japan) with ORCA IR2 Hamamatsu camera (Hamamatsu Photonics, Higashi-ku, Hamamatsu City, Japan) and Olympus CellR software (Olympus Soft Imaging Solutions, Munich, Germany) or confocal laser scanning microscope (Nikon C1 Plus; Nikon, Tokyo, Japan). Images were deconvoluted in AutoQuantX 2.2.2 (Media Cybernetics, Bethesda, MD, USA) and processed using FIJI (National Institutes of Health, Bethesda, Maryland, USA; (Schindelin et al., 2012) and CellProfiler (McQuin et al., 2018).



Live Imaging

For live imaging of the olfactory sensory system, larvae were anesthetized (2% Tricaine Sigma) mounted in a cut tip of plastic Pasteur pipette in 2% low temperature agarose (Sigma) in embryo medium (Westerfield, 2007). The larvae were imaged in frontal view in an Attofluor Chamber (Thermo Fisher Scientific) filled with Embryo medium. The agarose covering the olfactory system was removed. Temperature was maintained at 26–28°C, and images were captured using a Spinning disc confocal microscope (Olympus) with a 20 × 0.95 NA water immersion LUMPlanFL/IR objective.

Time-lapse videos of copper exposure: To generate the time-lapse movies (Figures 5, 6, 8, 9), stacks of images were collected with 3 μm/optical section in a total depth of 150-μm depth. All tracking data from time-lapse microscopy in control and copper-exposed larvae were processed using MTrackJ tracker in FIJI. Chemotactic index (CI) was calculated as described by Lämmermann et al. (2013), taking left or right OO as reference. Briefly, CI was defined as cos(α) with α as the angle between the distance vector to the damage site (OO) and the actual movement vector.



Image Analyses

For analysis of neutrophils and macrophages: Only cells within the boundaries of the sensory tissue were counted, and the values were given as the average of total number of mpx:GFP-positive or mpeg1:mCh-positive in both OOs with standard deviation. Values given for paired sensory structure are a sum of the individual sensory tissues. For time-lapse videos, all counts of neutrophils and macrophages in the two OOs were combined for each animal and the mean/SEM calculated for each time point.



Statistics

Data are presented as means ± standard deviations. Experiments number and statistical analysis were done using Prism 6 (GraphPad) and are indicated in each figure legend. Unpaired Student t-tests were performed unless otherwise indicated. P-values are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




RESULTS


Phagocytic Cell Populations in the Developing Olfactory Organ

We first quantified phagocytic cells (neutrophils and macrophages) of the immune system to determine whether they were present in peripheral sensory systems during early development. We used the Tg(mpx:GFP) line to visualize neutrophils, a leukocyte subtype with strong myeloperoxidase (mpx) activity, and the Tg(mpeg1:mCh) line (macrophage-expressed gene, mpeg1.1, encodes perforin-2, a pore-forming protein associated with host defense against pathogens) to visualize macrophages in fixed whole-mount larvae (Figure 1). Olfactory sensory structures do not appear as a stratified epithelium until later in development; thus, we refer to the tissue as an OO (Figures 1A,E). At 7 dpf mpx:GFP+ neutrophils were found associated with the OOs (Figure 1B, green, arrows) and anti-Sox2–positive taste buds (Figure 1B, arrowheads). In contrast few neutrophils were directly associated with the ear (Figure 1C, green). When quantifying neutrophils in the developing sensory systems (Figure 1D), the olfactory sensory system has more neutrophils than other sensory systems (n = 30 animals per sensory system, one-way ANOVA, Tukey test, P < 0.05). No neutrophils were observed in the retina. In contrast to neutrophils, at 7 dpf there were many more macrophages in the OOs (Figure 1F), but not in the ear (Figure 1G). Unlike the situation with neutrophils, the OO and eye had equal numbers of macrophages (Figure 1H), yet the gustatory (mouth) and auditory (ear) number remained lower (n = 30 animals per sensory system, one-way ANOVA, Tukey test, P < 0.05).
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FIGURE 1. Neutrophils and macrophages are found in developing sensory systems. (A) Frontal view of 7-dpf larvae. Bright-field/fluorescent image in whole-mount larvae with OMP:RFP+ OSNs. Lines in red indicate the future adult cribriform plate. (B) Frontal view, whole-mount 7-dpf Tg(mpx:GFP) larva, anti-Sox2–positive taste buds (red, arrowheads), neuromasts (red, asterisks), and neutrophils (green). (C) Lateral view, whole-mount 7 dpf larva. Neutrophils (green) associated with border of the ear (dashed line) (am: ampulla). (D) Neutrophils are highly represented in the olfactory organ (OO) with fewer neutrophils associated with the gustatory and auditory systems. No neutrophils were observed in the retina (n = 30 animals, one-way ANOVA, Tukey test, P < 0.0001). (E) Diagram of head of larva showing generalized position of the cartilages (red) giving rise to the cribriform plate in the adult animal. (F) Frontal view, whole-mount 7-dpf Tg(mpeg1:mCh) larvae, anti-HuC/D–positive neurons in the OO (pale blue), macrophages (red). (G) Lateral view, whole-mount 7 dpf. Macrophages (red) associated with border of the ear (dashed line). (H) The olfactory organ (OO) and the eye have the most macrophages, with fewer macrophages associated with gustatory (mo) and auditory (ear) systems (n = 30 animals, one-way ANOVA, Tukey test, P < 0.001, ns = non-significant). DAPI: blue, mo: mouth, tg: trigeminal ganglia. Scale bars: (B,C,F,G) = 100 μm.


We next quantified the number of mpx:GFP+ neutrophils (Figures 2A–C) and mpeg1:mCh+ macrophages (Figures 2D–F) associated with the OOs during early development. At 3 dpf, neutrophils started to appear associated with the OOs (Figure 2C; 1.4 ± 0.1), and by 7 dpf (Figures 2A,B, green), there was an average of 3.6 ± 0.2 (Figure 2C), and neutrophil numbers increased steadily through the first 2 weeks (Figure 2C; 6.0 ± 0.3). Like neutrophils, at 3 dpf, macrophages started to appear associated with the OOs (Figure 2F; 1.1 ± 0.1), and by 7 dpf (Figures 2D,D′,E, red), there was an average of 8.2 ± 0.2 macrophages (Figure 2F). Macrophage numbers increased steadily through the first 2 weeks (Figure 2F, 11 ± 0.4).
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FIGURE 2. Neutrophils and macrophages populate the olfactory system of juvenile animals. (A) Frontal view of Tg(mpx:GFP) 7dpf larva with anti-HuC/D–positive (red) neurons in the olfactory organ (OO) adjacent to the olfactory bulb (OB). (A′) Image of OO (boxed area in A) with neutrophils (green). (B) 25 μm cryosection of a 7-dpf Tg(OMP:RFP);Tg(mpx:GFP) larva neutrophils (green, asterisks) localized within the OO margin and adjacent to OSNs (red, see inset). (C) Average number (±SEM) of neutrophils in OOs of Tg(mpx:GFP) during the first 2 weeks postfertilization (n = 45 larvae). (D) Frontal view of Tg(mpeg1:mCh) 7 dpf larva. Anti-HuC/D–positive (green) neurons populate the olfactory organs (OO). (D′) Image of OO (boxed area in D) with macrophages (red) adjacent to the OO (arrow) and within the OO (arrowhead). (E) Lateral oblique view of OO at 7 dpf. (F) Average number (±SEM) of macrophages in OOs of Tg(mpeg1:mCh) during the first 2 weeks post-fertilization (n = 45 larvae). Scale bars: (A,D) = 100 μm; (A′,D′,E) = 50 μm, (B) = 25 μm.




Blood Lymphatic System in the Developing Olfactory Organ

Recently, the lymphatic vasculature (LV) of the zebrafish brain has been described (Bower et al., 2017; van Lessen et al., 2017; Bower and Hogan, 2018), but little is known about the developing blood vasculature (BV) and LV associated with the olfactory sensory system. Using the Tg(lyve1b:DsRed); Tg(OMP:YFP) double-transgenic line at 5 dpf, we found LV on the dorsal–lateral surface of the telencephalon (Figure 3A, red, arrows) extending around the region of the forming OB. By 7 dpf, the LV encircled the OB region (Figure 3B, OB) where the axons of the OSNs terminate (Figure 3B, asterisks, yellow). At 2 weeks post-fertilization, the dorsal projections were maintained (Figure 3C, red, arrows), and lyve1b:DsRed+ branches were apparent on the ventral side of the OOs (Figure 3C, red, arrowheads, G,G', NL). We visualized the development of BV using the Tg(fli1a:EGFP) line (Figures 3D–F, green). At 5 dpf, the BV was already apparent on the dorsal surface of the brain (Figure 3D) and was found associated with the OOs before the LV. The nasal artery/nasal veins (NA/NVs) (Isogai et al., 2001) are the most rostrally projecting of vessels until at least 7 dpf (Figure 3E), with two branches enclosing the OO at 15 dpf (Figures 3F,G,G′, green), a time when the ventral-lateral branch of the LV can be seen entering the OO (Figure 3C, red, arrowhead, G′, NL, red). The nuclei of the NV wrapping along the medial OO (Figure 3G′, orange) were positive for both the LV (lyve1b:DsRed) and the BV marker (fli1a:EGFP), suggesting it is venous–lymphoid in nature. The later developing LV entering the ventral lateral region of the OO (Figure 3C, arrowheads, NL in Figure 3G′, red) expressed only lyve1b:DsRed, suggesting it is differentiated LV.


[image: Figure 3]
FIGURE 3. The developing olfactory organs have an extensive blood-lymphatic system. Lyve1b:DsRed+ lymphatic vessels (red) at 5 dpf (A), 7 dpf (B), and 15 dpf (C). (A–C) Lyve1b:DsRed+ lymphatic vasculature (red, arrows) extends from the dorsal brain toward the olfactory organs (OO). (B,C) Lymphatic vessels extend to region of olfactory sensory neurons (OMP:YFP+), yellow, asterisks) in olfactory bulb (OB). (C) At 15 hpf, nasal lymphatic vasculature (red, arrowheads) is now visible wrapping around the posterior OO and associating with the ventral lateral OOs (G). Fli1a:EGFP+ blood vasculature (green) at 5 dpf (D), 7 dpf (E), and 15 dpf (F). Blood vessels (green) forming nasal vein (NV) and nasal ciliary artery (NCA) are present at 5 dpf. The NV extends ventrally (E) encircling the OO (F). (G) Diagram of head of 15 dpf larva showing telencephalon (green) and olfactory organs (gray). (G′) Olfactory organ (gray) summarizing blood (green) and lymphatic (red) vasculature. Nuclei of NV (orange) are positive for both lyve1b:DsRed and fli1a:EGFP. (A,D,E,F): DAPI (blue). OO: olfactory organ, OB: olfactory bulb, ey: eyes. Scale bars: (A–C) = 200 μm, (D–F) = 200 μm.




Response of Neutrophils and Macrophages to Tissue Damage in the OO

Previously, it has been shown that copper exposure at concentrations ranging from 10−9 to 10−5 M (Tierney et al., 2010) damages the olfactory sensory epithelia of zebrafish and that the unique neurogenic characteristics of the OE allow for the replacement of the OSNs (Ma et al., 2018). In order to confirm that copper caused cell death in the developing OO, 5-dpf larvae were exposed to 10 μM CuSO4 (Figure 4) and processed for TUNEL labeling (Figures 4A–C). At 5 dpf, whole-mount control fish showed no cell death (Figure 4A). After exposure to 10 μM CuSO4, only the OOs were positive for TUNEL (Figure 4B, green, arrows). Quantification of TUNEL fluorescence in control and treated animals showed a statistically significant increase in fluorescence in the OOs of copper-treated animals (Figure 4C).
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FIGURE 4. Copper exposure induces cell death and subsequent regeneration in the olfactory sensory system. (A,B) TUNEL assay for copper-induced damage to olfactory organ (OO). Whole mount, 5 dpf larva. (A) Control fish showed no cell death. (B) Only the OOs were positive for TUNEL, green, arrows, DAPI (blue). (C) Quantification of TUNEL fluorescence control and treated animals. (D,E) Frontal view of Tg(trpc2:GFP):Tg(lysC:DsRed) with microvillous sensory neurons (MSN, green) extending into OB in control animals (D) and 4 h posttreatment (E). Neutrophils (red) in the OO, but unlike OSNs, microvillous OSNs were largely unaffected. (F) Quantification of microvillous OSNs (green, fluorescence) in control (gray) and copper-treated animals (red); no significant decrease in Trpc2:GFP fluorescence was observed. All fluorescence was normalized using DAPI (n = 3 larvae, two-way ANOVA, Tukey multiple-comparisons test, ****a = P < 0.0001, b = P < 0.01). All scale bars = 100 μm.


The olfactory sensory system has several sensory cell types, and the Tg(OMP:RFP) reporter line is expressed only in ciliated OSNs, the most abundant sensory neuron type in the OO. Because differential sensitivity has been reported for ciliated and microvillous OSNs, we visualized the microvillous OSNs using the Tg(trpc2:GFP) line combined with Tg(lysc:DsRed) to visualize neutrophils in red (Figures 4D,E). Quantification of pixel intensity changes for Trpc2:GFP+ fluorescence confirmed that, unlike ciliated OSNs (Figure 5), microvillous OSNs were largely unaffected by copper exposure (Figures 4D,E, green; Figure 4F, gray bar). For all experiments (Figures 4D,E), 25 larvae were processed and examined (control and copper-exposed). Of these, three different animals were analyzed from each treatment group. These results confirm that the damage caused by copper exposure is consistent and comparable with previous studies in zebrafish (Ma et al., 2018).
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FIGURE 5. Exposure to copper induces migration of neutrophils. (A-A″) Frontal view of Tg(mpx:GFP);Tg(OMP:RFP) larva with OSNs (red) extending into OB. (A) Control. (A′) At 4 h post-copper exposure, there was an increase in neutrophils (green) in the OO and OSNs degenerated (red, asterisk). (A″) One day post treatment (dp) neutrophils decreased and the OSNs (red) were recovering. (B) Quantification of OSN (red fluorescence) in control (gray), copper-treated animals (red), 1 day (green bar) and 2 days posttreatment (blue bar). All fluorescence was normalized using DAPI (n = 3 larvae, two-way ANOVA, Tukey multiple-comparisons test, ****a = P < 0.0001, b = P < 0.01). All scale bars = 100 μm. (C–C‴) 5-dpf Tg(mpx: GFP);Tg(OMP:RFP) larva, frontal view. Imaging was initiated at time 0′. At 37′ (C′), larvae were exposed to 10 μM of CuSO4, and imaging continued at times indicated (see Supplementary Video 1 for sequence taken every minute). Boxed areas: Neutrophils (green, asterisks) associated with olfactory organ (OO, C–C″) and OMP:RFP+ OSNs in olfactory bulb (red, asterisk, C‴). (C″,C‴) Arrows in (C‴) non-local neutrophils that do not enter the OO near the ON (see Supplementary Video 4). (D–D‴) Individual 2D-cell tracking of neutrophils before, during, and after copper exposure. Each color represents a different neutrophil. (E) Number of neutrophils within the OO before and after copper exposure: analysis of six videos from different animals. Unpaired t-test, P < 0.0001). (F) Speed of neutrophils before and after copper exposure (n = 30 neutrophils; Unpaired t-test, P < 0.05). (G) Chemotactic index of neutrophils before and after copper exposure (n = 20 neutrophils; Unpaired t-test, P < 0.05). (H) Time course of neutrophil movement to the OO (n = 48 larvae. ANOVA, Kruskal–Wallis test, P < 0.0001). Scale bar C–C‴ = 150 μm. Tracking was done using the ImageJ plugin, MTrackJ.




In vivo Neutrophil Response to Cell Damage

To confirm whether copper-induced damage affected the ciliated OSNs and triggered a neutrophil response, we exposed 5-dpf Tg(mpx:GFP); Tg(OMP:RFP) to copper (Figures 5A–A″, OSNs: red, neutrophils: green) and assayed the changes in fluorescence in the OSNs (Figure 5B). After 4 h of copper exposure, neutrophils were found in the OO (Figure 5A′, green) and the OSNs degenerated as evidenced by loss of OMP:RFP fluorescence (Figure 5A′, red). Quantification of pixel intensity changes in OMP:RFP+ fluorescence confirmed that OSNs degenerated when scored immediately after copper exposure (Figure 5B, red bar). When scored at 24 h after exposure (Figure 5B, green bar) and 48 h after exposure, a steady increase in OMP:RFP fluorescence was observed where OSN fluorescence in the OB returned to pre–copper exposure levels (control, Figure 5A), indicating the OSNs had recovered (Figure 5C, blue bar). Analyses were performed both in the OO where the cell bodies of the OSNs are located and in the OB where the axons form their terminations (Figure 5A, arrows; Figure 5B, asterisks, respectively).

To better understand the dynamics of neutrophil response to OSN damage in the OO, we performed time lapse imaging in whole-mount preparations using a Tg(OMP:RFP):Tg(mpx:GFP) double transgenic line to visualize OSNs (Figures 5C–C‴; red) and neutrophils in vivo (Figures 5C–C‴; green; Supplementary Video 1). Before copper exposure, local neutrophils (defined as those associated with the OO prior to initiating the time lapse; Figure 5C, green) were associated with the OSNs at the margins of the OO (Figure 5C, red, asterisk indicates boxed area). During copper exposure, local neutrophils were associated with the OO (Figure 5C′, arrow) and ON (Figure 5C′, arrowhead, asterisk indicates boxed area). Subsequently, neutrophils in the OO (Figure 5C, asterisk indicates boxed area) were joined by neutrophils associated with the axons of OSNs in the OB (Figure 5C‴, asterisk indicates boxed area) and by patrolling non-local neutrophils (Figure 5C‴, arrows) in an apparent “swarming behavior” (Supplementary Video 1).

Analysis of the 2D path of individual neutrophils showed that copper exposure triggered the migration of non-local neutrophils from the dorsal and ventral sides of the head (Figures 5C‴,D′–D‴, arrows), and these entered the OO and OB regions via pathways separate from the ON (Figure 5C‴, arrows). During the time of copper exposure (4 h), the number of neutrophils increased from a pre-exposure average of 5.2 ± 1.7 to 15.0 ± 2.4 (Figure 5E, data from analysis of 6 different time lapse videos). The mean speed of neutrophils after copper exposure increased from a pre-exposure velocity of 7.1 ± 0.2 μm/min, to a post-exposure velocity of 7.8 ± 0.1 μm/min (Figure 5F, n = 30 neutrophils; one representative video). Both velocities were in the range of the reported 11 μm/min for randomly migrating neutrophils in the ventral region of the head of 3-dpf zebrafish larvae (Walters et al., 2010). Analysis of the CI (Figure 5G) showed a significant increase in orientation toward the OO [CI of −0.05 (range, −0.21 to 0.15) to 0.24 (from −0.33 to 0.78)] but with a separation of groups, reflecting different patterns of movement of local neutrophils, which moved within the OO vs. those of non-local populations, which appeared to circulate in and out of the OO region (Figures 5D′–D‴, arrows, G, red). The number of neutrophils in the OOs remained elevated in the continued presence of copper (9.8 ± 1.9) and decreased after washout (Figure 5H). A second increase is seen 24 h after copper treatment (8.1 ± 1.9; n = 48), which may be associated with the replacement of ciliated OSNs (Figures 5A–A″, B), which have a lifelong program of cell renewal that is distinct from damage-induced regeneration. The number of neutrophils then returned to baseline at the end of the second-day post-exposure (Figure 5H), a time when the OSNs have recovered (Figure 5B). Thus, consistent with previous reports, in juvenile zebrafish, damage triggers a rapid mobilization of neutrophils, and chemotaxis contributes to the migration of neutrophils to the site of damage (Mathias et al., 2006), which also correlates with the time course of neuronal regeneration.



Macrophage Response to Cell Damage

To better understand the dynamics of the macrophage response to OSN damage in the OO, we performed time lapse imaging in whole-mount preparations using a Tg(mpeg1:mCh); Tg(OMP:RFP) double transgenic line to visualize macrophages (Figures 6A–A″; red) and OSNs (Figures 6A–A‴; green; Supplementary Video 2). Before copper exposure, an extensive population of macrophages was found both associated with the OO (Figure 6A, green) and extending dorsal and ventral to the OOs (Figure 6A, red). In contrast to neutrophil migration induced during copper exposure, macrophages were closely associated with the OO (Figure 6A, arrows) and ON (Figure 6A). During copper exposure, macrophages in the OOs (Figure 6A, red) were joined by macrophages located outside the OOs (Figures 6A′,A″, arrows; Supplementary Video 2). Analysis of the 2D path of only the macrophages associated with the OOs showed that copper exposure resulted in a statistically significant increase in the number of macrophages in the OOs (Figures 6B,B‴,C), with specific non-local macrophages moving toward the OOs (Figures 6B′–B‴, arrows). These macrophages entered the OO and OB via pathways separate from the ON (Figure 6A‴, arrows). Similar to neutrophils, exposure to copper resulted in an increased number of macrophages (Figure 6C; 11.5 ± 0.4) associated with the OO when compared to the controls (Figure 6C; 6.2 ± 0.3; data from analysis of six independent time lapse videos). In contrast to neutrophil dynamics, no significant difference in instantaneous velocity of the macrophages was observed (Figure 6D, pre-exposure velocity of 1.7 ± 0.7 μm/min to a post-exposure velocity of 2.2 ± 0.6 μm/min; n = 26 macrophages; 1 video), and both velocities were significantly slower than that observed for neutrophils after exposure to copper (pre 7.1 ± 0.2 μm/min/post 7.8 ± 0.1 “μm/min). When quantifying the total displacement of the tracked macrophages, there was a significant difference between two groups of macrophages (Figure 6E): local macrophages that remained in close association with the OOs, moving <100 μm, and non-local (or wandering) macrophages that exceeded this total displacement (n = 51 macrophages, 16 local, 25 non-local, one representative time lapse). During copper exposure, there is a steady increase in macrophages associated with the OO (Figure 6F) that starts to decrease when copper is removed. Like neutrophils, 24 h post-exposure, there is a statistically significant increase of macrophages in the OOs that returns to baseline values at 48 h posttreatment (Figure 5F).
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FIGURE 6. Exposure to copper induces migration response of macrophages in the olfactory organ. (A-A‴) 5-dpf Tg(mpeg1:mCh);Tg(OMP:YFP) larva frontal view. Imaging was initiated at time 0′. At 14′ (A′), larvae were exposed to 10 μM of CuSO4 and imaging continued at times indicated (see Supplementary Video 2 for sequences taken every 2 min). (A″, A‴) Arrows in (A‴): non-local macrophages that enter the OO (see Supplementary Video 2). (B–B‴) Individual 2D-cell tracking of macrophages associated with the OOs before, during, and after copper exposure. Each color represents a different macrophage. (C) Number of macrophages within the OO before and after copper exposure: analysis of three independent videos, (Unpaired t-test, P < 0.05). (D) Speed of macrophages before and after copper exposure (n = 50 macrophages, 1 time lapse; Unpaired t-test, P < 0.001). (E) Total displacement of local and non-local macrophages (Supplementary Video 2) during a 2-h time lapse (n = 51 macrophages, 16 local, 35 non-local; unpaired t-test, P < 0.0001). Scale bars: A = 150 μm. Tracking was done using the ImageJ plugin, MTrackJ. (F) Time course of macrophage movement to the OO (n = 24 larvae. ANOVA, Kruskal–Wallis test, P < 0.0001).


To better understand the dynamics of macrophage movements in the OOs, we analyzed the movements of macrophages and neutrophils relative to copper-induced damage of the OSNs in Tg(mpeg1:mCh):Tg(mpx:EGFP):Tg(OMP:YFP) triple transgenic larvae (Figures 7A–C; Supplementary Video 3). As the OSNs degenerated, evidenced by the fading of green signal (Figures 7A–A‴), the macrophages associated with the OSNs (Figures 7A–A‴, arrow) and those at the perimeter of the OMP:YFP+ population (Figures 7A–A‴, arrowheads) swell over time (see Figures 6A′–A‴, red; Figures 7D,D′, red), potentially reflecting their role in phagocytosis of damaged OSNs. In further analysis of the macrophage movements using cell tracking, two distinct populations were observed: fixed macrophages (Figure 7B) (previously called local macrophages) that were always in the OOs, and “wandering” or non-local macrophages (Figure 7C) that were able to enter the OOs when damage occurs, but were patrolling the head before olfactory damage. Therefore, the local or fixed macrophages, observed using the Tg(mpeg1:mCh) line, were found in the OO and their behavior contrasts sharply with the wandering phenotype, perhaps reflecting different roles and subtypes of the phagocytic cells within the zebrafish head.
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FIGURE 7. Exposure to copper reveals distinct classes of macrophages. (A-A‴) 5-dpf Tg(mpeg1:mCh);Tg(mpx:GFP);Tg(OMP:YFP) olfactory organ (OO) and imaging continued at times indicated (see Supplementary Video 3 for sequence taken every minute). (A) Imaging was initiated at time 0′. (A′) Larvae were exposed to 10 μM of CuSO4 at 30′. Individual cell tracking reveals the presence of (B) fixed and (C) wandering macrophages. (D) Before copper exposure (from boxed are in A), macrophages (red) are found associated with OSNs (green) in the ventral OO. (D′) After exposure to copper (from boxed are in Figure 6A‴), macrophages (mpeg1:mCh+, red) accumulate at the ventral–basal OO, in close association with degenerating OSNs (green, OMP:YFP+). Arrowheads indicate places where macrophages appeared to engulf degenerating OSNs (mpeg1:mCh+ and OMP:YFP+). Scale bars: A-A‴ = 75 μm, D = 25 μm.


In response to copper-induced damage of the OSNs, both local and non-local macrophages changed their shape from a ramified-star–like shape (Figure 7D, red, arrowheads) to a rounded swollen morphology (Figure 7D′, red, arrowheads). In contrast to neutrophils, in response to copper, macrophages formed multiple vesicles and phagosome-like structures (Figures 7D,D′) (Peri and Nusslein-Volhard, 2008), which were observed engulfing the OMP:YFP+ degenerating OSNs (Figure 7D′, arrowheads). Thus, the macrophages associated with the OOs during early development are greater in number, respond more slowly to copper-induced damage, and show distinct phagocytic behaviors.



Blood Lymphatic Vasculature and Neutrophil Migration

Because this was the first reported analysis of neutrophil responses in the OO, and our data on individual in vivo cell tracking suggested that neutrophils used preexisting pathways to reach the OOs in response to copper exposure, we further examined the neutrophil migration routes. To determine whether neutrophils migrated using BV and/or LV, we used Tg(mpx:GFP); Tg(lyve1b:DsRed) double-transgenic larvae to follow neutrophil movements associated with LV. Initially, there was no association of neutrophils with the developing rostral LV (data not shown), but in 7-dpf larvae, neutrophils were localized in the ventral–lateral OO (Figures 8A,A′, asterisks). After copper exposure the number of neutrophils increased (Figures 8A′,B′, green, asterisks) and were found associated with the lyve1b:DsRed+ branch of the ventral–lateral OO (Figures 8A′,B′, red, arrowheads; Figure 3G′, NL, red). To analyze the potential role of BV in neutrophil migration, we generated a quadruple reporter line Tg(fli1a:EGFP);Tg(gata1a:DsRed);Tg(mpx:GFP);Tg(OMP:RFP) allowing us to image in 5-dpf larvae in vivo: neutrophils (Figures 8C,C′,D,D″, green), the BV surrounding the OO (Figures 8C,C′,D,D″, green), the OSN (Figures 8C,C′,D,D″, red), and the erythrocytes within blood vessels (Figures 8C,C′,D,D″, green). Consistent with previous reports, we found that neutrophils showed a close association with the BV system in the developing embryo. In larvae exposed to copper, neutrophils moved along the NV on the medial side of the OO (Figures 8D,D′, asterisks, Supplementary Video 4). As the neutrophils migrate, they maintained intimate contact with the BV, often extending “feet” into the vasculature (Figures 8E–E″) as they moved (Supplementary Video 5). Thus, copper-induced damage to the developing OOs initiated neutrophil migration (Figure 8F, blue), which occurred along the medial NV (Figure 8F, green) at early stages and later included the ventral lateral OO associated with lyve1b:DsRed-positive LV branch (Figure 3G).


[image: Figure 8]
FIGURE 8. During copper exposure neutrophils migrate in association with blood vasculature to reach to the developing olfactory organ. (A) Frontal view of Tg(mpx:gfp);Tg(lyve1b:DsRed) 7 dpf larva. Boxed area (A′) with nasal LV (arrows, red) and neutrophils (green, asterisks). (B) Frontal view of Tg(mpx:GFP);Tg(lyve1b:DsRed) 7 dpf larva after 4 h of copper exposure, neutrophils (green, asterisks) associated with LV in ventral–lateral OO (arrowheads, red). Boxed area (B′) indicates cluster of neutrophils (asterisks, green). (C–D′) Images from Supplementary Video 4, Tg(fli1a:EGFP);Tg(gata1a:DeRed);Tg(mpx: GFP);Tg(OMP:RFP (quadruple transgenic larva of 5 dpf, showing OSN and erythrocytes in red, and neutrophils and endothelial vasculature in green. (C) Before copper exposure. Boxed area is magnified in (C′). Arrows indicate fli1a:EGFP+ branches that enclose the OO (Figure 2G′, NV, green). (D) After exposure to copper, more neutrophils are associated with the OO. (D′) Image from boxed area in (D). Asterisks indicate neutrophils that have migrated to the OO on the BV (NV) and clustered around the medial edge of the OO. (E–E″) A polarized neutrophil crawling (arrowhead) along the NV to finally enter the OO near the ventral basal ON (E″, see Supplementary Video 5). Minutes are posttreatment (pt). (F) Summary: Schematic of nasal blood and lymphatic vasculature at 5 dpf before and after exposure to copper. OO: olfactory organ, OB: olfactory bulb. fli1a:EGFP (green) and lyve1b:DsRed (red), neutrophils (blue) migrate in response to copper exposure using the NV (C′-D′), entering the OO near ventral ON exiting, and associating with ventral–lateral LV (A′-B′). Scale bars: (A–D) = 100 μm; (A′-D′,E–E″) = 50 μm.




Migration Route

Because the NA/NA are the primary routes for neutrophil migration to the OOs during early development and the classification as a vein or artery is unclear in the literature, we further analyzed the direction of blood flow in 5-dpf larvae. In Tg(fli1a:EGFP);Tg(gata1a:DsRed);Tg(mpx:GFP) triple transgenic larvae, we observed movement of erythrocytes (Figure 9A, red, arrows) in the NV and with a net direction from ventral to dorsal. Analysis of videos taken with transmitted light of whole-mount larvae in vivo confirmed the net direction as ventral to dorsal or “away” from the OO (Figure 9B, arrow). Furthermore, using Tg(fli1a:EGFP);Tg(lyve1b:DsRed) double-transgenic 15-dpf larvae, we confirmed that the nasal lymphatic branch (Figure 9D, NL, arrow, lyve1b:DsRed+) appeared in association with the nasal BV (Figure 9D, NV, arrow, fli1a:EGFP+ and lyve1b:DsRed+).


[image: Figure 9]
FIGURE 9. The nasal vein as the primary route to the olfactory organ during development. (A) Tg(fli1a:EGFP);Tg(gata1a:DsRed);Tg(mpx:GFP) larva at 5 dpf. Erythrocytes (gata1:DsRed+, red, arrows) are observed within the nasal vein after copper exposure. (B) Tracking of blood flow of 10 erythrocytes circulating within the NV, whole-mount preparation in transmitted light (video of 2 min). Each color represents a different erythrocyte. Direction of movement is represented as a yellow arrow. (C) Laser confocal maximum projection of a 15-dpf Tg(fli1a:EGFP); Tg(lyve1b:DsRed) larva, DAPI (gray). (D) Three-dimensional orthogonal view generated from optic sections (boxed area in C), showing the NV (nasal vein, arrow) positive for fli1a:EGFP and lyve1b:DsRed. The NL (nasal lymphatics, arrow) is positive for lyve1b:DsRed and passes along the ventrolateral region of the OO. Total depth: 230 μm, 2-μm spacing. Scale bars: (A,C) = 100 μm, (B) = 50 μm.





DISCUSSION

In this study, we examined the population of the developing OO by myeloid immune cells (neutrophils/macrophages) and their response to copper-induced damage. Key findings include the following: (1) both local and non-local neutrophils and macrophages are present in the developing OOs, where the local immune cells may play a role in the lifelong neurogenesis of the olfactory epithelia; (2) the appearance of the immune cells is correlated with the developing blood and LV of the OOs; (3) copper-induced damage triggers rapid but distinct responses from neutrophils and macrophages. Further studies are needed to determine the origin(s) of neutrophils and macrophages, as well as their different functions in developing and adult animals.


Phagocytic Cell Populations in the Developing Olfactory Organ

Neutrophils are essential players in the innate immune system as they are the first cells that respond to tissue damage and infection by rapidly migrating to the site of injury (swarming) (de Oliveira et al., 2016). We first detected neutrophils in the OO at 3 dpf, well after the 30 hpf when functional macrophages and neutrophils are present (Herbomel et al., 1999; Le Guyader et al., 2008). Perhaps consistent with the necessity of a strong immune defense, the OO had significantly greater number of neutrophils than the mouth or ear (the eye had no neutrophils). In contrast to the neutrophils, macrophage populations in the developing olfactory OO and the eye were much larger than the other sensory systems, and there was no significant difference in numbers of macrophages found in the OOs and eyes. While little is known about macrophages in the larval retina, damage to the adult retina in zebrafish triggers the rapid accumulation of immune cells including local microglia and extraretinally derived macrophages (Mitchell et al., 2018). Microglia appear to play a role in the regulation of neurogenesis (Salter and Beggs, 2014), and macrophages may play a critical role in regeneration of sensory organs (Denans et al., 2019). At this time we cannot determine whether the macrophage population we have described in the OOs also includes precursors of microglia that, in zebrafish, arise from the primitive macrophages (Ferrero et al., 2018). The finding that both the eyes and the OOs have large macrophage populations, coupled with their anatomically unique peripheral extension of the meninges, which contain a diverse array of immune cells (Rua and McGavern, 2018), supports a model we proposed where the olfactory epithelia are more like the retina of the eye than placodal-derived structures (Whitlock, 2008; Torres-Paz and Whitlock, 2014; Torres-Paz et al., 2020). The presence of microglia in the peripheral olfactory sensory system would argue that the OO shares more characteristics with the CNS than peripheral nervous system, and we are currently investigating macrophage and microglia populations in the adult olfactory system.



Neurogenic Response of Olfactory Organ

Unlike mammals, fish have the unique ability to maintain neurogenesis of sensory neurons throughout life. The exception to this difference is the olfactory epithelia where all vertebrates share the characteristic of ongoing sensory cell replacement (Bermingham-McDonogh and Reh, 2011). Copper, a heavy metal and pervasive environmental contaminant (Soller et al., 2005) is known to damage the olfactory sensory epithelia of fish, leading to loss of olfactory-driven behaviors (Sunderman, 2001; Baldwin et al., 2003; Matz and Krone, 2007), and to alter expression of genes involved in the olfactory signal transduction pathway in adult zebrafish (Tilton et al., 2008). Here we confirmed in larval zebrafish that exposure to copper resulted in OSN death (Lazzari et al., 2017; Ma et al., 2018) and the rapid recovery of the OSNs was accompanied by the influx of both neutrophils and macrophages.

Neutrophil movements we observed in the OOs are consistent with earlier studies in juvenile zebrafish, where damage triggers a rapid mobilization of neutrophils, and directed chemotaxis contributes to the migration of more neutrophils to the site of damage (Mathias et al., 2006). Moreover, it has also been shown that in response to wounding induced inflammation neutrophils move rapidly (15 μm/min) toward the wound, whereas macrophage migration velocity was significantly slower (Ellett et al., 2011; Dudek et al., 2020). Here we found similar results where neutrophils increased their velocity in response to damage, whereas macrophages showed a slower response. In contrast to wound healing responses induced by tail cutting, here we found that the OOs contain populations of local neutrophils and macrophages who were joined by non-local neutrophils and wandering macrophages in response to damage. This difference is most likely due to the unusual characteristics of the OSNs. In contrast to the tail wounding where the response is an inflammatory response in a tissue capable of regeneration, the OO is a tissue that has ongoing sensory neurogenesis over which is imposed neural damage induced by copper. Recent studies suggest that macrophages are involved in the repair of different neural tissue. In larval zebrafish, copper-induced hair cell damage in both the lateral line (Carrillo et al., 2016) and spinal cord transsection (Tsarouchas et al., 2018) resulted in the recruitment of neutrophils and macrophages to the injury site where macrophages were correlated with repair and regeneration of neural tissue. Because both macrophages and microglia are suggested to play a role in neurogenesis, as well as regeneration, the fixed or local macrophages we describe here (and potentially the local neutrophils) may play a role in the ongoing turnover of OSNs. Thus, the presence of both local and non-local neutrophils and macrophages in the developing OOs suggests a dual response where the local immune cells protect against external challenges, and non-local immune cells arrive only once damage is detected.



Migration of Neutrophils and Macrophages

Studies in fish where a wounding response generated by tail and/or fin transsection (Ellett et al., 2011; Xu et al., 2012) have elucidated the role of macrophages and neutrophils in inflammation. In the wounding response, macrophages were found to patrol throughout the body, yet neutrophils were motile only in the head region of the larvae (Mathias et al., 2009; Deng et al., 2011; Ellett et al., 2011). While interstitial migration has been described for both neutrophils and macrophages (Barros-Becker et al., 2017), only neutrophils also use the blood–LV to migrate (Yoo et al., 2010; de Oliveira et al., 2016).

The LV has recently been “rediscovered” in the CNS of mammals (Aspelund et al., 2015; Louveau et al., 2015; Da Mesquita et al., 2018; Dolgin, 2020) and of zebrafish (Bower et al., 2017; van Lessen et al., 2017; Bower and Hogan, 2018), yet little is known about the development of the LV in the brain of vertebrates. Lymphatic endothelial cells are thought to arise from the BV system (Jung et al., 2017; Padberg et al., 2017); yet, to date, there are no detailed descriptions of the development of the BV and the LV in the olfactory sensory system. The development of the BV preceded the development of the LV in the OOs, and the primary route of neutrophil migration to the OOs was via the NVs whose development coincides with the first appearance of myeloid cells in the peripheral olfactory sensory system.

A fascinating question, brought to the fore by the current SARS-CoV2 pandemic, is how viruses gain access to the nervous system, and it is now apparent that the olfactory system is used by COVID-19 (coronavirus disease 2019) as an entry point to the nervous system (Desai and Oppenheimer, 2020; Divani et al., 2020). The study of the peripheral olfactory sensory system and the associated immune cells will allow us to better understand not only the rapid immune response to damage caused by toxic and infectious agents, but also how this neural immune interface may act as a host defense niche protecting the CNS.




CONCLUSIONS

During early development, at all times assayed, the OOs contain local populations of both neutrophils and macrophages, reminiscent of a potential host-defense niche described in other tissues where neutrophils are marginated (Yipp et al., 2017; Granton et al., 2018; Hidalgo et al., 2019) (Figure 10, Before Copper Exposure, blue). In response to damage non-local populations join local populations of neutrophils and macrophages as they mount a rapid immune response (Figure 10, After Copper Exposure, blue, pink). Neutrophils use the developing BV system (Figure 10, green) to access the OOs, and this may account for their greater velocity relative to macrophages.


[image: Figure 10]
FIGURE 10. Summary of neutrophil and macrophage responses to copper-induced damage in the larval olfactory organ (OO). The blood vasculature (BV, green) wraps the olfactory organ (gray) and the lymphatic vasculature (LV, red) extends along the ventral posterior aspect. In untreated animals (before copper), there are local neutrophils (blue) and macrophages (pink) associated with the OO. In response to damage (after copper exposure) of the olfactory sensory neurons (OSNs, dark gray), non-local neutrophils and macrophages migrated to the OO. Neutrophils migrated in association with the BV, and both neutrophils and macrophages were seen associated with the LV. Macrophages changed to a more rounded morphology as they engulfed debris of dying OSNs.
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Supplementary Video 1. Neutrophils mobilize in response to copper induced damage of the developing olfactory organ. Time lapse of Tg(OMP:RFP0);Tg(mpx:GFP) 5dpf larva, maximum projection of 150 μm depth (3 μm optical sections), taken every minute for 4 h. A final concentration of 10 μM of CuSO4 was added at minute 37 (Figure 5). Scale bar= 150 μm. Time in minutes is indicated in upper left corner. Arrowheads indicate local neutrophils (green). After treatment neutrophils where observed to swarm, cluster and even divide, next to OSNs (red).

Supplementary Video 2. Local and non-local macrophages respond to copper-induced damage in the olfactory organ. Time lapse of mpeg1:mCh;mpx:EGFP 5 dpf transgenic larva, maximum projection of 150 μm depth (3 μm optical sections), taken every 2 min for 1.7 h. A final concentration of 10 μM of CuSO4 was added at minute 14 (Figure 6). Scale bar= 150 μm. Time in minutes is indicated in upper left corner at the end of the time lapse macrophages are localized in the ventral and basal side of the olfactory organ, forming chain-like structures near branch of nasal lymphatics (Figures 3, 7).

Supplementary Video 3. Macrophages respond differently to copper exposure. Time lapse of Tg(mpeg1:mCh);Tg(mpx:EGFP);Tg(OMP:YFP) in 5 dpf larva, maximum projection of 150 μm depth (3 μm optical sections), taken every minute for 2 h. A final concentration of 10 μM of CuSO4 was added at minute 30 (Figure 7). Scale bar= 50 μm. Time in minutes is indicated in upper left corner. Local (or fixed) macrophages do not move, but displayed a swollen morphology after copper-induced damage.

Supplementary Video 4. Neutrophils move on the BV during early development. Time lapse of Tg(fli1a:EGFP;Tg(gata1:DsRed);Tg(mpx:GFP);Tg(OMP:RFP) quadruple transgenic larva at 5dpf, maximum projection of 300 μm depth with optical sections of 3 μm, taken every minute for 3.5 h. OSNs and erythrocytes in red; neutrophils and endothelial vasculature in green. A final concentration of 10 μM of CuSO4 was added at minute 37 (Figure 8). Scale= 150 μm. Time in minutes is indicated in upper left corner.

Supplementary Video 5. The nasal vein as route for neutrophil migration to the olfactory organ. Magnified image of the olfactory organ in a time lapse (35 min extract) of a Tg(fli1a:EGFP;Tg(gata1:DsRed);Tg(mpx:GFP);Tg(OMP:RFP) quadruple transgenic larva at 5 dpf, during copper exposure. Maximum projection of 300 μm depth, taken every minute. Scale bar= 50 μm. Time in minutes is indicated in upper left corner.
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Interkinetic nuclear migration (IKNM) is the process in which pseudostratified epithelial nuclei oscillate from the apical to basal surface and in phase with the mitotic cycle. In the zebrafish retina, neuroepithelial retinal progenitor cells (RPCs) increase Notch activity with apical movement of the nuclei, and the depth of nuclear migration correlates with the probability that the next cell division will be neurogenic. This study focuses on the mechanisms underlying the relationships between IKNM, cell signaling, and neurogenesis. In particular, we have explored the role IKNM has on endosome biology within RPCs. Through genetic manipulation and live imaging in zebrafish, we find that early (Rab5-positive) and recycling (Rab11a-positive) endosomes polarize in a dynamic fashion within RPCs and with reference to nuclear position. Functional analyses suggest that dynamic polarization of recycling endosomes and their activity within the neuroepithelia modulates the subcellular localization of Crb2a, consequently affecting multiple signaling pathways that impact neurogenesis including Notch, Hippo, and Wnt activities. As nuclear migration is heterogenous and asynchronous among RPCs, Rab11a-affected signaling within the neuroepithelia is modulated in a differential manner, providing mechanistic insight to the correlation of IKNM and selection of RPCs to undergo neurogenesis.

Keywords: neurogenesis, Rab11, endocytosis, recycling endosome, crumbs, interkinetic nuclear migration


INTRODUCTION

The developing vertebrate retina forms from a pseudo-stratified layer of multipotent neuroepithelial progenitor cells competent to generate all of the major cell types (six neuronal, one glial) of the mature retina (Turner et al., 1990). Retinal progenitor cells (RPCs) initially proliferate to expand the progenitor population and subsequently switch to differentiating cell divisions—a process termed neurogenesis. Terminal divisions of RPCs occur in a stereotyped manner, providing an evolutionarily conserved, predictable birth order of retinal neurons and glia, which suggests that progenitors pass through a series of competence states where they gain and then lose capacity to generate specific cell types. This is supported by analyses of both the fly and vertebrate retinas (Li et al., 2013; Sato et al., 2013; Suzuki T. et al., 2013), where competence to generate discrete cell types is based on a dynamic and progressive temporal pattern of transcription factor expression. Additionally, clonal analyses of RPCs indicate that they can generate the proper array and proportions of retinal cell types even in clonal culture, supporting intrinsic mechanisms for regulation of neurogenic potential and cell-type fate decisions during retinal development (Cayouette et al., 2003, 2006; Slater et al., 2009; Gomes et al., 2011; He et al., 2012).

Despite this progress, we still lack comprehensive understanding of how intrinsic properties direct RPCs to exit the cell cycle and determine cell-type fate decisions on an autonomous basis. Most research into this question has focused on transcription factors essential for specification of individual retinal cell fates. For example, the expression of the proneural bHLH transcription factor Atoh7 (Ath5), which precedes the initial wave of retinal neurogenesis just prior to the terminal cell division of an RPC, drives neurogenic fates (Brown et al., 2001; Poggi et al., 2005; Brzezinski et al., 2012; Chiodini et al., 2013; Miesfeld et al., 2018a). In zebrafish, Atoh7 daughter cells yield one ganglion cell and either a post-mitotic photoreceptor, amacrine, or horizontal cell (Poggi et al., 2005). Which cell intrinsic mechanisms determine whether an RPC will remain proliferative or express Atoh7 and become neurogenic? Studies using frog and chick retinas suggest a negative feedback loop where Notch pathway activation and Atoh7 provide instructive signals for proliferation or cell cycle exit (Agathocleous et al., 2009). Recent data further suggest that Notch signaling activates Hes gene expression and can lengthen the cell cycle to allow the accumulation of higher levels of Atoh7, essential to ganglion cell genesis and cell cycle exit (Chiodini et al., 2013; Miesfeld et al., 2018b, 2020). While it is clear that the activity of these transcription factors is instructive for cell fate decisions, less is known about the mechanisms that link cellular features and signaling to the heterogeneity of transcription factor expression and activity within individual RPCs prior to cell fate commitment.

One cellular feature linked to neurogenesis is interkinetic nuclear migration (IKNM), the process where the nuclei of polarized epithelial cells oscillate in phase with the cell cycle, which is correlative with cell cycle exit in some neuronal compartments (Smart, 1972; Frade, 2002; Murciano et al., 2002; Tsai et al., 2005; Baye and Link, 2007; Xie et al., 2007; Miyata, 2008; Ge et al., 2010). Nuclear migrations are facilitated by both intrinsic cytoskeletal reorganization and motor activities, as well as through non-autonomous forces by neighboring cells (Del Bene et al., 2008; Norden et al., 2009; Schenk et al., 2009; Tsai et al., 2010; Kosodo et al., 2011). As such, aspects of IKNM, particularly the amplitude of the apical–basal movements, are variable and stochastic between cells (Leung et al., 2011; Barrasso et al., 2018). Consistent with an important role for nuclear migration, zebrafish RPCs that have deep basal nuclear oscillations are more likely to divide in a neurogenic mode (Baye and Link, 2007). These data contribute to the “nuclear residence hypothesis,” which suggested that the correlation of nuclear position and cell cycle exit arises from asymmetries in local signaling environments (Murciano et al., 2002; Baye and Link, 2007; Del Bene et al., 2008; Taverna and Huttner, 2010). In particular, differences in Notch signaling based on nuclear position have been observed in zebrafish neuroepithelial cells, such that Notch activity increases as the nucleus migrates apically (Murciano et al., 2002; Del Bene et al., 2008). Along with nuclear migration, cell shape, but not cell cycle length, is predictive of cell division mode and cell-type fate based on the computational analysis of clonal RPCs imaged with time-lapse microscopy (Cohen et al., 2010).

The shape, polarity, and degree of connectivity of neural progenitors–established and maintained, in part, by the antagonistic functions of the Crumbs/Prkci/Par3/Par6 and Scribbled/Discs Large/Lgl complexes that facilitate apical–basal polarity, cell–cell junction formation, and preservation–are also important for cell fate outcomes (Cohen et al., 2010). For example, expansion of apical junctions and associated apical membrane autonomously increase Notch activity and maintain progenitors in a proliferative state (Clark et al., 2012). These observations and additional data on nuclear position and Notch signaling (Del Bene et al., 2008) suggest that both cell shape via apical junction remodeling and nuclear position via interphase oscillations impact signaling instructive for cell-fate decisions of RPCs (Figure 1A). The cellular mechanisms mediating the relationship between nuclear position, cell shape, and polarized signaling remain elusive, although, endocytosis may play a role (Nerli et al., 2020).
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FIGURE 1. Organelle positioning during interkinetic nuclear migration. (A) Schematic of cellular features correlated with neurogenic and proliferative RPCs, including nuclear position, apical domain size, and proliferative signaling. (B–E) Examples of genetic mosaics of transplanted cells with H2a-mCherry labeled nuclei and endocytic organelles marked by EGFP-fusion proteins. (B) Early endosome (EGFP-Rab5c) localization in cells with apical nuclei. (C) Recycling endosome (EGFP-Rab11a) localization. (D) Late endosome (EGFP-Rab7) localization, and (E) localization of the medial Golgi apparatus (Man2a-GFP). (F) Quantification of the distance of organelles from the apical surface when nuclei are positioned apically (<25% of apical-basal distance), middle (25–50% of apical-basal distance), or basally (>50% of apical-basal distance). Data represent individual organelle positioning with mean and SEM indicated for each organelle type for each bin of nuclear positions from >10 cells/nuclear position bin from >5 embryos/genotype. Statistics represent results of a One-way ANOVA. Scale bars in (B–E) represent 10 μm.


Endocytosis is the process by which proteins and lipids are trafficked in the vesicles between membrane-bound organelles and is a primary mechanism for how cell junctions are remodeled (Chalmers and Whitley, 2012). The members of the Rab family of small GTPases are effectors of endocytosis and specify the vesicle identity by functioning as molecular switches based on their GTP/GDP-bound state, which mediates the recruitment of effector proteins. Rab proteins and endocytosis regulate multiple cellular processes during development, including cell shape and polarity, in part through the maintenance of cellular junctions (Disanza et al., 2009; Orlando and Guo, 2009). Additionally, endocytosis can regulate signaling. The subcellular localization of endosomes can elicit polarized responses to form or modify morphogen gradients, whereas sorting of receptor–ligand complexes to distinct endosomal compartments can either prolong or quench signaling within cells (Lamaze and Prior, 2018). Specifically, in the retina, endocytosis was shown to modulate asymmetries in cellular signaling, including Notch signaling pathway activation, to control neurogenic decisions (Nerli et al., 2020). Based on these studies, we hypothesize that apical junction remodeling alters signaling in RPCs and biases neurogenic potential in a nuclear position-dependent manner. To gain further insight into the relationships between junction remodeling, polarized signaling, nuclear position, and neurogenesis, we examined the influence of localized endocytosis during retinal neurogenesis.

We previously generated and validated transgenic lines expressing fusions of wild-type (WT), dominant-negative (DN), and constitutive-active (CA) Rab proteins to facilitate our studies on the requirement of endosome biology on retinal neurogenesis and polarized signaling during in vivo zebrafish development (Clark et al., 2011). Using these lines, we show that the apical concentration of early and recycling endosomes in RPCs changes with respect to apical–basal nuclear position. To determine the potential consequence of polarized endosome concentration on retinal neurogenesis and polarized signaling within RPCs, we disrupted endosome recycling through the transgenic expression of the Rab11aDN. We demonstrate that Rab11a is required for proper localization of the apical junction protein Crumbs2a (Crb2a), and that changes to Rab11a function, Crb2a expression, and/or location alter retinal neurogenesis. Additionally, we show that changes in Rab11a activity via the Rab11a GTPase-activating protein (GAP) Evi5b promotes RPC proliferation. We provide evidence that several signaling pathways are modulated by localization of the Crb2a intracellular domain and affect cell cycle exit. Overall, these data suggest a model where variability in nuclear oscillations and apical endosome concentration alters polarized signaling among retinal progenitors, consequently promoting neuronal differentiation within the neuroepithelium.



RESULTS


Determination of Organelle Polarity During Nuclear Oscillations

As nuclear position of RPCs correlates with both polarized signaling and cell cycle exit (Baye and Link, 2007; Del Bene et al., 2008), we examined whether localized endocytosis, known to regulate signaling in a variety of contexts, might mediate this relationship in RPCs. To investigate the positional relationship of endosomes with migrating nuclei, we first examined vesicle localization using transmission electron microscopy (TEM) images of 28 h post-fertilization (hpf) retinal neuroepithelial cells with either apical (within 5 μm distance to the apical surface) or more basal nuclei. We observed a higher concentration of vesicles within the apical zones of neuroepithelial cells when the nucleus was in close proximity to the apical domain; however, quantification using this method could not delineate endosome type (Supplementary Figures 1A,B). To determine the identity and relative concentration of individual endomembrane vesicles with respect to nuclear position, we utilized transgenic lines in which endosome sub-types are marked by GFP fusions of Rab protein isoforms. Chimeric embryos with isolated RPCs containing labeled endosomes (EGFP-Rabs) and nuclei (H2A-mCherry) were generated by blastulae transplantation of transgenic organelle-labeled cells into non-transgenic hosts (Supplementary Figure 1C). In neuroepithelial cells, both early (EGFP-Rab5c positive) and recycling (EGFP-Rab11a-positive) endosomes polarized toward the apical surface in a nuclear position-dependent manner (Figures 1B,C,F, Supplementary Figure 1D). The total number of marked endosomes was not significantly different between RPCs with different nuclear positions. To determine if nuclear position-dependent polarization is unique to these endosome sub-types, we examined other organelles including late endosomes (EGFP-Rab7; Figure 1D), centrosomes (Centrin-GFP; Supplementary Figures 1E,F), the cis-Golgi (Man2a-GFP; Figures 1E,F, Supplementary Figure 1G) and medial Golgi (Golga2-mCherry; Supplementary Figure 1K), mitochondria (CoxVIII-GFP; Supplementary Figures 1H–J), and endoplasmic reticulum (ER; DsRED-ER; Supplementary Figure 1L). The Golgi apparatus and ER both remained in close proximity to the nucleus, with the ER displaying perinuclear positioning and the Golgi moving relative to nuclear position, but always apical to the nucleus (Supplementary Figure 1G). However, the positioning of late endosomes (EGFP-Rab7), centrosomes (Centrin-GFP), and the mitochondrial network (CoxVIII-GFP) was not influenced by nuclear migration (Figure 1F, Supplementary Figures 1F,H–J). Combined, these data demonstrate the coordination of nuclear migration and polarization of the endomembrane secretory pathway including early endosomes, recycling endosomes, Golgi, and ER. We note that not all organelles exhibit nuclear position-dependent polarization. As a consequence of the endomembrane secretory pathway always apical of the nucleus (Ravichandran et al., 2020), we observe a significant concentration of the tubulovesicular pathway as the nucleus moves toward the apical surface. We hypothesize that the apical concentration of Rab5c- and Rab11a-positive early and recycling endosomes within RPCs facilitates junctional remodeling and polarized signaling, which could subsequently influence retinal neurogenesis.



Rab11aDN Expression Alters Retinal Development, Expands Apical Junctions, and Redistributes Localization of Crb2a

To test the potential significance of dynamic endomembrane polarization on retinal signaling and neurogenesis, constitutive-active (CA) and dominant-negative (DN) isoforms of Rab proteins were utilized. Specifically, well-characterized mutant versions of Rab5c, Rab11a, and Rab7 that alter early, recycling, and late endosome activities, respectively, were expressed in the developing RPCs using the vsx2:Gal4;UAS:mCherry-Rab transgenes (Clark et al., 2011). The analysis of transgenic embryos revealed obvious retinal development defects in Rab11aDN eyes, including defects in retinal lamination and the presence of rosettes (Supplementary Figure 2). Only subtle abnormal phenotypes were observed in Rab5cCA embryos, and no defects were found in the other Rab mutant transgenic lines, due to either a true lack of function in retinal development, weak transgene expression, or functional redundancy by other Rab protein isoforms (Clark et al., 2011). Given the phenotypes associated with altered recycling endosome activity and the implication that Rab11 regulates cell junction integrity (Jing and Prekeris, 2009), we assessed the polarity of Rab11DN-expressing retinas by TEM and apical–basal junctional protein analysis.

TEM studies revealed that overall polarity within Rab11aDN-expressing cells was maintained, including the presence of apically located cilia, even though histological sections showed developmental delay and lamination defects (Supplementary Figures 2, 3A,B). Both WT and Rab11aDN RPCs contained apical cilia even though previous studies have implicated that Rab11 plays a role in primary ciliogenesis of other cell types (Knodler et al., 2010; Westlake et al., 2011; Supplementary Figure 3A). However, we observed a notable change in the size of the apical junctions as a consequence of Rab11aDN expression (Figures 2A–C). In WT embryo TEM images, apical junctions appeared dense and compact (Figure 2A). Rab11aDN expression caused the apical junctions to appear more diffuse and expanded (Figures 2A–C), consistent with other manipulations that affect the localization of polarity proteins associated with junctions (Genevet et al., 2009; Hamaratoglu et al., 2009; Clark et al., 2012). We next asked if the morphological changes observed at the apical junctions correlate with changes to apical protein localization.
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FIGURE 2. Rab11aDN expression causes Crb2a and Prkci mis-localization, but maintenance of additional features of apical-basal polarity. (A) Electron microscopy images of cells from 34 hpf Control (top panels) and Rab11aDN (bottom panels) retinas. Images are orientated at the apical surface, at the interface of the RPCs and Retinal Pigmented Epithelial (RPE) cells. Apical tight junctions are indicated by the black arrows. Black boxes (left panels) indicate higher magnification regions highlighted in the right panels. Scale bars = 500 nm. (B,C) Quantification of apical junction (B) length and (C) area from 34 hpf TEM images of Control and Rab11aDN-expressing RPCs. (D) Localization of Crb2a and Prkci within 28 hpf Control (top) and Rab11aDN (bottom) retinas. High magnification insets are outlined in the white squares. Arrows indicate ectopic localization of Crb2a and Prkci in Rab11aDN retinas. (E) Maintenance of the adherens junction protein ß-catenin localization in 28 hpf Control (left panels) and Rab11aDN (right panels) retinas. White squares indicate the regions of magnified insets. (F) Localization of mitoses as labeled by PH3 in Control (left) and Rab11aDN (right) retinas. (G) Quantification of the number of cells undergoing mitosis across the entire retina of 28 hpf Control and Rab11aDN retinas. Indicated n's represent total number of retinas quantified (1 retina/embryo). (H) Titration experiment of crb2a morpholino assessing the dosage-dependence of morpholino injection on Crb2a expression and Prkci localization. Increasing amounts of crb2a morpholino result in reduced Crb2a immunostaining and decreased accumulation of Prkci at the apical surface. Arrows indicate sites on non-apical Prkci localization in crb2a morphants, and arrowheads represent remaining Crb2a immunostaining accompanied by apical localization of Prkci staining. Dotted lines are positioned just above the apical surface (interface of RPE and progenitor cells). (I) Agarose gel of resulting PCR bands from RT-PCRs assessing efficiency of the splice-blocking crb2a morpholino within titration experiments. RT indicates the presence or absence of reverse transcriptase during cDNA synthesis. Arrows indicate the expect size of PCR products for the crb2a Exon5-6 junction (lower arrow) or across the crb2a Exon5-6 junction and including the crb2a intron 5. Scale bars in (D–F,H) represent 50 μm. Bar graphs represent mean values with error bars indicating standard error. Apical junction length and area (B,C) were quantified across 12 cells for each genotype, from 4 embryos/genotype. P-values represent statistical results of an unpaired t-test.


Further assessment of apical–basal polarity in Rab11aDN embryos was examined through the localization of the apical polarity proteins Crb2a and atypical protein kinase C (Prkci) (Figure 2D, Supplementary Figure 3C), adherens junction component beta-catenin (Figure 2E), and the apical F-actin belt (GFP-Utrph) and basement membrane protein Laminin-1 (Supplementary Figure 3D). Apical enrichment of beta-catenin and the F-actin marker GFP-Utrph and basal localization of Laminin-1 were all normal. In addition, mitotic divisions marked by phospho-histone H3 staining (PH3) occurred appropriately at the apical surface of the retinal neuroepithelium in both WT and Rab11aDN embryos (Figures 2F,G). Although overt polarity of Rab11aDN RPCs was maintained, we observed mis-localization of both Crb2a and Prkci away from the apical membrane at 28 and 48 hpf (Figure 2D, Supplementary Figure 3C), consistent with the altered localization of Crumbs proteins demonstrated in previous studies examining Rab11 loss-of-function conditions (Roeth et al., 2009; Schluter et al., 2009; Clark et al., 2011; Fletcher et al., 2012; Buckley et al., 2013). We also observed basal accumulation of Crb2a immunoreactivity and GFP-Utrph in Rab11aDN retinas, suggesting altered trafficking with loss of Rab11a function (arrows; Supplementary Figures 3C,D). In support of altered Crb2a trafficking through endosomes, Rab5cCA embryos also displayed Crb2a mis-localization, consistent with previous reports analyzing the internalization and recycling of Crumbs proteins at the apical domain (Supplementary Figure 3E; Lu and Bilder, 2005; Roeth et al., 2009; Clark et al., 2011; Fletcher et al., 2012).

Defects in endomembrane trafficking result in not only Crumbs mis-localization, as observed in our Rab11DN transgenics, but also degradation (Zhou et al., 2011). To measure the effects of Crb2a mis-localization and/or loss caused by Rab11aDN expression, we investigated the dosage dependence of Crb2a protein expression on Prkci localization using a splice-blocking Crb2a morpholino (MO) (Omori and Malicki, 2006). In WT control embryos, intense Crb2a staining was observed at the apical domain and Prkci mostly localized to the apical surface, with few intracellular puncta (Figures 2H,I). Injection of a sub-threshold dosage of Crb2a MO resulted in increased intracellular Prkci-positive puncta and a reduction in both apical Crb2a and Prkci staining (Figures 2H,I). Injection of a 50 μM Crb2a MO solution caused a complete loss of detectible Crb2a protein and minimal apical Prkci accumulation (Figures 2H,I). Comparisons of the Crb2a MO-injected embryos to the Rab11aDN embryos indicate that the Rab11aDN embryos display characteristics similar to a partial Crb2a loss-of-function, potentially through Crb2a mis-localization.

The analysis of polarity markers and retinal histology indicates that Rab11aDN expression resulted in altered Crb2a localization and diffuse junctions but maintained overt RPC apical–basal polarity. As we previously observed that expanded apical junction size led to decreased cell cycle exit (Clark et al., 2012), we sought to determine the extent to which altered Rab11a-dependent recycling affects RPC neurogenesis.



Rab11aDN Expression Maintains RPC Proliferation

Individual RPCs undergo neurogenic divisions in a nuclear position-dependent manner, suggesting that polarized cellular features, including the apical concentration of Rab11a-positive recycling endosomes, may influence RPC proliferation and differentiation. In addition, our data show that Rab11a function is essential for proper retinal histogenesis and localization of apical proteins. To determine how Rab11a function influences retinal neurogenesis, we analyzed the proportions of proliferative cells at 36 hpf, the end of the initial wave of retinal neurogenesis in zebrafish (Hu and Easter, 1999). To assess the proportion of cell cycle exit in Rab11aDN mutant retinas, we performed two separate experiments, with the first being an EdU incorporation study. EdU was injected into 36 hpf larvae and allowed to incorporate into cells progressing through S-phase over the course of a 12-h duration (36–48 hpf). This 12-h window is longer than the expected cell cycle of zebrafish RPCs (Baye and Link, 2007; Leung et al., 2011) and, therefore, provides a measure of the proportions of RPCs that exited the cell cycle within the 24–36 hpf developmental window prior to EdU treatment. The analysis of Rab11aDN retinas revealed a significant decrease in the percentage of EdU+ cells per retina indicating a reduction of RPC cell cycle exit (EdU-negative cells; Figures 3A,B). Second, to determine if Rab11aDN expression resulted in an autonomous decrease in cell cycle exit, we performed genetic mosaic experiments using donor embryos expressing the atoh7:GFP transgene, a marker that expresses in RPCs exiting the cell cycle during early retinal neurogenesis (Masai et al., 2003) and co-expressing either vsx2-driven H2a-mCherry or vsx2-driven mCherry-Rab11aDN. Neurogenesis was scored as the proportion of atoh7:GFP-positive cells within retinal clusters (GFP+mCherry+/mCherry+ cells) at 36 hpf (Figures 3C–E). In wild-type retinas, 65% of the transplanted cells expressed atoh7:GFP, whereas only 45% of the Rab11aDN cells were positive for atoh7:GFP expression, indicating that Rab11aDN expression caused an autonomous decrease in cell cycle exit (Figures 3D,E). Additional analysis at these early timepoints (24–28 hpf) indicated that there was no difference in the number of Rab11aDN vs. control progenitor cells in M-phase (Figures 2F,G) or undergoing cell death (Supplementary Figures 3F,G), suggesting that Rab11aDN expression biases RPCs to remain proliferative. However, increased cell death was observed at later timepoints (48–72 hpf), complicating interpretations of cell cycle exit of late progenitors as development progresses (Supplementary Figures 3F,G).
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FIGURE 3. Rab11aDN expression and Crb2a loss-of-function promote RPC proliferation. (A) Representative retinal sections of Control (top) and Rab11aDN (bottom) retinas assessing RPC proliferation through detection of EdU incorporation at 48 hpf after a 12 h pulse from 36 to 48 hpf with nuclei counterstained with ToPRO-3. (B) Quantification of retinal cell cycle exit in Control and Rab11aDN EdU experiments. (C) Experimental design for assessing retinal neurogenesis in Rab11aDN genetic mosaics using the atoh7:GFP neurogenic reporter. (D) Representative images of Control (top) and Rab11aDN (bottom) genetic mosaics assessing retinal neurogenesis (atoh7:GFP). (E) Quantification of percentages of neurogenic cells (atoh7:GFP) in genetic mosaic experiments. Listed n's represent total number of clones assayed across >10 embryos/genotype. (F,H) Representative retinal sections of (F) Crb2a morphant or (H) Crb2a mutant retinas assessing RPC proliferation through detection of EdU incorporation at 48 hpf after a 12 h pulse from 36 to 48 hpf with nuclei counterstained with ToPRO-3. (G,I) Quantification of retinal cell cycle exit comparing Control and either (G) Crb2a morphant or (I) Crb2a mutant embryos. N's in (G,I) represent number of centrally localized retinal sections quantified, with 1 section counted/animal. Bar graphs in (B,G,I) represent mean with error bars indicating SEM. Statistics are the results of an unpaired t-test. Scale bars in (A,C,F) represent 50 μm, with the scale bars in (D) representing 15 μm.


Because Rab11aDN results in Crb2a mis-localization and reduction at the apical surface, we assessed if Crb2a abundance was linked to the changes in Rab11aDN neurogenesis (Figures 3F–I). Both a partial reduction in Crb2a levels through MO injections or a complete loss of Crb2a protein (crb2a mutants) (Malicki and Driever, 1999) caused a significant decrease in the percentage of EdU+ cells per retina compared with controls. These decreases in cell cycle exit were similar to Rab11aDN retinas, suggesting that the neurogenic phenotype caused by Rab11aDN expression may, at least in part, result from improper trafficking affecting Crb2a abundance and/or localization.



Rab11a Manipulations Do Not Affect Apical Domain Size

Changes to apical domain size can be caused by disruptions to several apical–basolateral polarity proteins including Crumbs family members (Omori and Malicki, 2006; Hsu and Jensen, 2010; Richardson and Pichaud, 2010) and Llgl1 (Clark et al., 2012). In the case of Llgl1, reduced protein expression in morphant embryos expanded the apical domain of RPCs, which resulted in decreased cell cycle exit due to increased Notch signaling (Clark et al., 2012). We therefore analyzed the apical domain area in Rab11aDN embryos using a retina-specific driven reporter of apical actin, fzd5:GFP-Utrh (Supplementary Figures 4A,B). Although Crb2a localization was altered in Rab11aDN embryos, the apical domain size of GFP-Rab11aDN-expressing RPCs was unaffected (Supplementary Figures 4C,D). These results suggest that the effects of Rab11DN expression on cell cycle exit are not due to altered apical domain size. However, Crb2a abundance or localization may have a more direct role on cell signaling that could affect neurogenesis. Indeed, distinct domains of Crumbs family proteins have been shown to regulate different cellular processes including cell signaling.



Crb2a Regulates Cell Cycle Exit of RPCs

To address the role of Crb2a and its different domains as part of the Rab11aDN phenotype, we generated several domain deletion transgenes. Crb2a is a single-pass transmembrane protein that contains a large extracellular domain with multiple EGF repeats and a short cytosolic domain that facilitates protein–protein interactions through FERM-binding and PDZ domains with proteins including Prkci (Bulgakova and Knust, 2009; Figure 4A). The extracellular domain is able to inhibit Notch signaling by binding the Notch receptor extracellular domain in cis, thus inhibiting the ligand activation of the receptor (Ohata et al., 2011). Reports also indicate that Crb regulates the Hippo and mammalian target of rapamycin (mTOR1) pathways through protein interactions of the Crb intracellular domain (Massey-Harroche et al., 2007; Genevet et al., 2009; Hamaratoglu et al., 2009; Chen et al., 2010; Grzeschik et al., 2010; Ling et al., 2010). As endocytosis of Crb2a would affect the availability of different domains for protein interactions, we developed several different Crb2a transgenes to address the potential function of each domain in regulating retinal neurogenesis (Figures 4B,C).
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FIGURE 4. Ectopic expression of the full-length Crb2a promotes RPC proliferation. (A) Schematic of Crb2a function in the regulation of multiple signaling pathways. (B,C) Schematic of the (B) Crb2aFL and (C) Crb2aEXT transgene protein structures. HSE indicates the presence of an 8× repeat of the bi-directional heat-shock element to drive GFP and transgene expression simultaneously. (D–F) Representative images assessing levels of EdU incorporation within transgene clones (GFP), induced with a 30-min heat-shock at 24 hpf, after a 12-h EdU pulse from 36 to 48 hpf in (D) Control (WT background; H2a-mCherry; nlsGFP), (E) Crb2aFL (WT background; Crb2aFL) overexpression, or (F) Rab11aDN/Crb2aFL (Rab11aDN background; Crb2aFL) retinas. (G) Quantification of the percentages of cell cycle exit (EdU negative) within retinal sections. Listed n-values indicate the number of individual embryos counted for each genotype. Data represent the mean percent of cell cycle exit across clones, with error bars indicating SEM. * Indicate p < 0.05 after Tukey's multiple comparisons tests of a One-way ANOVA (p = 0.0002). (H–K) Representative images (>3 embryos assessed/genotype) of transgene overexpression of (H,I) Crb2aFL or (J,K) Crb2aEXT in either (H,J) WT or (I,K) Rab11aDN backgrounds, assessing localization of Crb2a transgene expression (HA tag). White boxes represent regions of highlighted in high magnification insets. Arrows in panel I represent Crb2aFL accumulation in puncta, suggesting accumulation of the transgene within non-plasma membrane associated focal puncta when expressed in the Rab11aDN background. Scale bars represent 50 μm.


To first verify the expression and predicted functionality of our Crb2a overexpression transgenes, we examined the ability of each to rescue Prkci localization in Crb2a morphant backgrounds (Supplementary Figures 4E–J). Embryos carrying heat-shock inducible Crb2aFL (full length), Crb2aEXT (a Crb2a transgene lacking the intracellular domain), or GFP (as a control) were injected with a dose of Crb2a MO that eliminates apical Prkci localization (Figures 2H,I). We then performed genetic mosaics in which we induced clonal transgene expression through heat-shock at 24 hpf and subsequently analyzed Prkci immunostaining at 36 hpf. Predictably, the expression of the GFP or Crb2aEXT transgenes failed to localize Prkci to the apical surface due to the absence of the Prkci-binding domain normally located within the deleted Crb2a intracellular region. As expected, the Crb2aFL transgene was able to recover the apical localization of Prkci (Supplementary Figure 4J). We attempted to perform similar experiments using a Crb2aINT (Crb2a intracellular + transmembrane domain protein) transgene; however, we were unable to detect the presence of Crb2aINT protein when ectopically induced. We attribute this to the rapid degradation of the truncated Crb2a protein as both the ha-crb2aINT mRNA and the bi-directionally expressed GFP protein were robustly detected when the transgene was induced (data not shown).

Following the expression and functionality controls, we next tested whether the Crb2a transgenes could rescue cell cycle exit in Rab11aDN-expressing RPCs. Specifically, we assessed EdU incorporation from 36 to 48 hpf in cells where Crb2a isoforms were overexpressed through heat-shock activation at 24 hpf (GFP:HSE:HA-Crb2aFL/EXT). The expression of the Crb2aFL drove RPC proliferation, consistent with reports from Drosophila (Figures 4D–G) (Chen et al., 2010; Ling et al., 2010; Richardson and Pichaud, 2010; Robinson et al., 2010). However, the expression of the Crb2aEXT did not result in any change in RPC cell cycle exit compared with control retinas (Figure 4G). Interestingly, neither Crb2aFL nor Crb2aEXT isoforms were able to attenuate the reduced cell cycle exit caused by Rab11aDN expression (Figures 4F,G). Based on these results, we assessed the localization of overexpressed Crb2a (FL and EXT) protein in both WT and Rab11aDN embryos (Figures 4H–K). In wild-type cells, the overexpression of both Crb2a isoforms resulted in ectopic membrane localization away from the apical domain (Figures 4H,J). Overexpression within the Rab11aDN background did not affect the localization of the Crb2aEXT protein as this transgene lacks the endocytic signal associated with the intracellular domain (Figure 4K). Conversely, in Rab11aDN retinas, the Crb2aFL localized to distinct puncta, consistent with aberrant recycling of the Crb2aFL protein back to the membrane (Figure 4I). As with Crb2a loss-of-function studies, we also assessed if the overexpression of Crb2a might affect the size of the apical domain in RPCs. Neither Crb2aFL nor Crb2aEXT resulted in a change to the apical domain area (Supplementary Figure 4K). Together, these data suggest that defective cell cycle exit observed in RPCs expressing either Crb2aFL or Rab11aDN may result from ectopic localization of the Crb2a intracellular domain to non-apical regions of the cell. Mechanistically, we suggest that the Crb2a intracellular domain may titrate binding partners away from the apical domain, thereby modulating multiple signaling pathways regulated by factors that bind the Crb2a intracellular domain (Figure 4A).



Localization of Crb2a Intracellular Domain to Rab11a Recycling Endosomes Maintains RPCs in the Cell Cycle

To examine more directly the role of the Crb2a intracellular domain when internalized to Rab11a vesicles, we generated an additional Crb2a transgene. We fused the Crb2aIN to Rab11a itself (Crb2aIN-EGFP-Rab11a) (Figure 5A). Unlike Crb2aINT, the Crb2aIN-EGFP-Rab11a protein was stable and detected in RPCs. This scenario should mimic Crb2a association with recycling endosome compartments. Experimentally, we first investigated whether ectopically localized Crb2a intracellular domain could titrate binding partners away from the apical region of RPCs, as hypothesized (Supplementary Figure 5). We observed Prkci expression at punctate sites of EGFP-Rab11a recycling endosomes and HA immunoreactivity, suggesting a functional transgene (Supplementary Figure 5). Next, we assessed the effects of ectopically localized Crb2aIN on RPC proliferation. Significantly, the expression of the Crb2aIN-EGFP-Rab11a transgene resulted in decreased cell cycle exit compared with either H2a-mCherry or EGFP-Rab11a controls (Figures 5B–E), consistent with the intracellular domain of Crb2a being required for the proliferative phenotype observed with the overexpression of the full-length version (Figure 4). Importantly, fusion of the Crb2aIN did not alter EGFP-Rab11a localization or dynamics, as predominately apical EGFP-positive puncta were observed in RPCs (Supplementary Figure 5). Overall, these experiments suggest that mis-localized Crb2a in Rab11aDN retinas inhibits RPC differentiation, potentially through the modulation of signaling pathways associated with the Crb2a intracellular domain.
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FIGURE 5. Crb2aINT localized to Rab11a recycling endosomes and inhibition of recycling endosome activity promote RPC proliferation. (A) Schematic of the heat-shock inducible transgene to localize the Crb2aINT to EGFP-Rab11a positive recycling endosomes. (B–D) Images assessing cell cycle exit (EdU negative) within clones of (B) Control (nlsGFP; H2a-mCherry). (C) EGFP-Rab11a overexpression (nlsGFP; EGFP-Rab11a) or (D) Crb2aINT localized to Rab11a-positive recycling endosomes (nlsGFP; Crb2aINT-GFP-Rab11a). Transgene expression is induced through heat-shock at 24 hpf, with EdU pulse from 36 to 48 hpf. (E) Quantification of average cell cycle exit across clones. Graph represents mean percentages of cell cycle exit across clones with error bars indicating SEM. Listed n-values represent number of quantified embryos within each genotype. Statistics are the result of a One-way ANOVA (p = 0.002) followed by a Tukey's multiple comparisons test. ***p < 0.001; **p < 0.01. (F) Schematic of the molecular switching of Rab11a from the GTP-bound active form to the GDP-bound inactive form. Hydrolysis of Rab11a-GTP to Rab11a-GDP is mediated by the Rab11a-GAP, Evi5. (G) Comparisons of centrosome localization (Centrin-GFP; left) to transgenic expression of a GFP-tagged Evi5b (right) in 28 hpf RPCs. Both transgenes localize in apical puncta, suggesting conserved localization of Evi5b to peri-centrosome regions within the developing zebrafish retina. (H,I) Representative (n > 5 embryos/genotype) immunostaining assessing Crb2a localization within 32 hpf RPCs after transgenic expression of either (H) Control (mCherry) or (I) Evi5b transgenes. Dotted lines in (H,I) indicate apical domains of transgenic cells, including regions where Crb2a staining is lost at the apical surface in Evi5b transgenic cells in I. Arrow in I indicates non-apical localization of Crb2a. (J,K) Assessment of cell-cycle exit through incorporation of EdU after a 12-h pulse from 36 to 48 hpf in (J) Control (UAS:mCherry) or (K) Evi5b transgenic clones, with transgene expression driven from by vsx2:Gal4 expression in RPCs. (L) Quantification of average cell-cycle exit (Edu-negative cells; 12 h pulse from 36 to 48 hpf) within transgenic clones of 48 hpf retinas. N's represent number of clones assayed from >4 animals/genotype. Bar graph in (L) represent the means with SEM, with statistics indicating the results of an unpaired Student's t-test. Scale bars represent 25 μm. * in B–D indicates cells counted as having exited the cell cycle (EdU negative).




The Rab11a-GAP, Evi5b, Is Apically Localized, Promotes Crb2a Mis-localization, and Inhibits RPC Cell Cycle Exit

To this point, we have inhibited recycling endosome activity through the overexpression of the Rab11aDN transgene. The changes in Crb2a localization and effects on neurogenesis in RPCs imply that the nuclear position-dependent concentration of recycling endosomes might activate endomembrane recycling within the apical region. How might this happen? Rab proteins are regulated in part by GAPs, which promote the GDP-bound inactive form of Rab proteins (Figure 5F). Several laboratories have characterized a Rab11-GAP, Evi5, that localizes to centrosome appendages (Dabbeekeh et al., 2007; Westlake et al., 2011; Hehnly et al., 2012; Laflamme et al., 2012), which in RPCs are anchored at the apical surface (Supplementary Figures 1E,F, Figure 5G). The centrosomal localization of Evi5 is intriguing, as this provides a potential mechanism whereby the concentration of Rab11a alters its activity through proximity to its apically localized GAP. To test the hypothesis that nuclear position-dependent concentration of endosomes corresponds to activity changes in Rab11a, which impacts both Crb2a localization and cell cycle exit, we assessed the consequences of manipulating Evi5. We first examined the localization of the zebrafish ortholog of Evi5 (Evi5b) within RPCs through the transgenic expression of a GFP-Evi5b fusion protein. Similar to previous reports of centrosomal appendage localization, we observed GFP-Evi5b localization in bright, punctated foci at the apical domain of RPCs (Figure 5G), reminiscent of centrosome localization as marked by Centrin-GFP (Figure 5G).

We next determined the consequence of altering Rab11a activity through Evi5b overexpression, focusing on protein trafficking and cell cycle exit. In control cells overexpressing mCherry alone, Crb2a immunoreactivity remained concentrated at the apical surface (Figure 5H). Consistent with our studies using the Rab11aDN transgene, the inhibition of Rab11a activity by Evi5b overexpression resulted in loss of Crb2a immunolocalization from the apical membrane and subsequent increase in internalized/mis-localized Crb2a expression (arrows in Figure 5I). The inhibition of Rab11a activity by Evi5b also resulted in reduced cell cycle exit as assessed by EdU incorporation from 36 to 48 hpf (Figures 5J–L). With the link between changes in Rab11a activity and Crb2a localization established as a mechanism influencing cell cycle exit of RPCs, we next evaluated whether signaling was altered, beginning with the Notch pathway.



Rab11aDN Expression Results in an Autonomous Reduction in Notch Signaling Through Decreased Membrane Localization of the Notch Receptor

The role of Notch signaling in regulating the balance between proliferation and cell cycle exit in retina neurogenesis is well-established (Moore and Alexandre, 2020). Furthermore, Notch activity correlates with nuclear position: within RPCs, Notch activity increases as the nucleus approaches the apical surface (Del Bene et al., 2008). We therefore probed whether changes to Rab11a or Crb2a altered Notch signaling through the use of Notch reporter transgenes. Using the Notch transgenic reporter line her4.1:dRED, which utilizes the regulatory sequence of the Notch target gene her4.1 to express red fluorescent protein (Yeo et al., 2007), we mosaically expressed either GFP or GFP-Rab11DN in RPCs (Figure 6A). We measured a modest decrease in Notch activity in cells expressing the GFP-Rab11aDN (Figures 6B,C). The decrease in observed Notch reporter activation was curious for two reasons. First, reduction to Notch pathway activation in the neural retina is generally associated with elevated cell cycle exit (Riesenberg et al., 2009), yet the expression of Rab11aDN causes reduced cell cycle exit (Figure 3B). Second, loss of Crb2a, which occurs with the expression of Rab11aDN, is associated with increased Notch activity in zebrafish hindbrain neuroepithelia (Ohata et al., 2011). Potentially, however, Rab11aDN impacts Notch receptor trafficking, precluding its activation by secondary events, such as Crb2a internalization. Indeed, in Drosophila sensory organ precursor cells, Rab11 has been shown to mediate Notch trafficking (Emery et al., 2005; Huttner and Kosodo, 2005). To test if Rab11aDN expression affects the Notch receptor trafficking, we analyzed the localization of the Notch1aΔE transgene in Rab11aDN-positive cells. We previously reported that the sEGFP-Notch1aΔE transgene localizes to the membrane and accumulates in apical puncta within RPCs (Clark et al., 2012). En face imaging of the apical surface of RPCs confirmed the enrichment of puncta within the apical region (Supplementary Figures 6A,B). The expression of Rab11aDN within RPCs of Notch1aΔE transgenic embryos resulted in a loss of apical puncta (Supplementary Figures 6A–C). Rab11aDN expression had no effect on the membrane localization of a secreted EGFP with a GPI membrane anchor (Supplementary Figure 6D), suggesting that general membrane-associated protein trafficking was not affected in Rab11aDN RPCs. Together, these data suggest that low levels of Notch reporter activation in Rab11aDN RPCs result from altered Notch receptor trafficking.
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FIGURE 6. Rab11aDN expression and Crb2a function to inhibit Notch-reporter activation. (A) Schematic of experiments assessing the her4.1:dRED Notch reporter activity in control (UAS:GFP) or (UAS:GFP-Rab11aDN) injected embryos. (B) Representative images of Notch-reporter (her4.1:dRED) activity in control (top) and Rab11aDN (bottom) expressing cells. (C) Quantification of relative Notch-reporter (her4.1:dRED) fluorescence in GFP-labeled cells. (D) Schematic of genetic mosaic experiments for Control (Tp53 MO), her4.1:dRED/H2a:GFP cells or Crb2a morphant (Tp53 + Crb2a MO), her4.1:dRED/H2a:GFP to detect autonomous Notch-reporter activation within a wildtype background. (E) Example of Notch reporter (her4.1:dRED) activation in Control (top) and Crb2a morphant (bottom) clones. (F) Quantification of Notch reporter fluorescent intensities (her4.1:dRED) of Control and Crb2a morphant cells. (G) Schematic of experiments examining the consequence of heat-shock activation of control (GFP), Crb2a-FL, or Crb2a-EXT transgenes on Notch reporter (her4.1:dRED) activation H) Representative images of her4.1:dRED after expression of GFP, Crb2a-FL, Crb2a-EXT transgenes in 36 hpf retinas. Arrows in lower panels indicate locations of high Crb2a-EXT expressing cells that show low activation of the Notch reporter (her4.1:dRED) transgene. (I) Quantification of Notch-reporter activation in Control (GFP), Crb2a-FL, or Crb2a-EXT overexpressing cells. Bar graphs in (C,F,I) represent mean her4.1:dRED Notch reporter activation across individual cells, normalized per unit area, with error bars indicating SEM. Statistics in (C,F) are the result of an unpaired t-test, while statistics in (I) represent results of a One-way ANOVA followed by Tukey's Multiple Comparisons Test. ***p < 0.001; ****p < 0.0001. n-values in (C,F,I) represent number of cells counted from at least five different embryos for each experimental condition. Scale bars represent 25 μm.


Although the continual expression of Rab11aDN prevents Notch from reaching the plasma membrane, we suggest that endogenously, Rab11a activity is modulated in a nuclear-dependent fashion and therefore Notch would be trafficked to the apical plasma membrane and subsequently regulated by Crb2a internalization.

We therefore next assessed the significance of Crb2a expression on Notch activity within RPCs. To evaluate the consequence of Crb2a loss-of-function on Notch signaling independent of an overall tissue polarity defect caused by global loss of Crb2a in the retinal neuroepithelium (Malicki and Driever, 1999), we analyzed her4.1:dRED activation in genetic mosaics within control and Crb2a MO-injected embryos (Figures 6D–F). Consistent with previous reports in zebrafish hindbrain neuroepithelia (Ohata et al., 2011), Crb2a knockdown autonomously increased Notch reporter activation (Figures 6D–F). Additionally, the transgenic overexpression of Crb2aFL or the Crb2aEXT both resulted in an autonomous decrease in Notch pathway activation, confirming previous reports that the Crb2a extracellular domain is sufficient to inhibit Notch signaling in RPCs (Figures 6G–I; Ohata et al., 2011).

Combined, our data are consistent with a causal relationship between nuclear migration and cell cycle exit (Baye and Link, 2007), mediated by nuclear position-dependent dynamic Rab11a activity that affects Crb2a internalization and thus cell signaling (Figure 7). Moreover, considering our observations of reductions in Notch reporter activation from either Crb2aFL or EXT transgenes (Figure 6), our data suggest that the modulation of Notch activity contributes to the relationship between nuclear migration dynamics and neurogenesis. However, we found that while Notch activity was affected by the extracellular portion of Crb2a (Figures 6H,I), the internal domain of Crb2a also had significant influence on retinogenesis (Figures 4G, 5E).
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FIGURE 7. Proposed model for relationship of Nuclear Position, endosome activity, and the regulation of polarized signaling and retinal neurogenesis. Model figure suggesting the functional significance of nuclear position in the regulation of apical endosome concentration, Rab11a recycling endosome activity, the regulation of Crb2a apical protein localization and the regulation of autonomous signaling. In cells with apical nuclei (A) we suggest apical concentration of Rab11a-positive recycling endosomes biases a state in which Rab11a is preferentially in the inactive, GDP-bound form, due to the close proximity of apical recycling endosomes to the centrosome-localized Rab11a-GAP, Evi5b. This in turn decreases recycling of Crb2a to the apical junctions, thereby decreasing the cis-inhibition of Notch signaling by Crb2a (increased Notch signaling) and mis-localizing Crb2a interacting proteins from the apical junction. Combined these changes promote autonomous signaling to promote a proliferative state. In cells with basal nuclei (B) Rab11a is preferentially in a GTP-bound active state, promoting Crb2a recycling, inhibiting Notch-signaling, and maintaining apical localization of Crb2a-interacting proteins. In combination, this biases cells toward an autonomous signaling state that promotes neurogenesis. AJ, Apical Junctions.




Rab11aDN Expression Affects Multiple Signaling Pathways

To evaluate whether pathways in addition to Notch are affected by altered Rab11a activity, we performed RNA-sequencing analysis on dissected eyes from 36 hpf control and Rab11aDN embryos (Figure 8A). The transcript displaying the highest fold change in Rab11aDN embryos was Rab11a, consistent with our transgenic overexpression of Rab11aDN (Figure 8B, Supplementary Table 1). Differential expression analysis indicated that 573 (adjusted p < 0.05) transcripts showed altered expression between control and Rab11aDN embryos (Figure 8B, Supplementary Table 1). Ingenuity pathway analysis (IPA; Ingenuity Systems, Redwood City, CA, USA) of Rab11aDN differentially expressed transcripts using both WikiPathways and Kegg pathways comparisons suggested that changes in Rab11a activity affect numerous signaling pathways including Notch (as expected), but also Wnt, Id, Hippo, Tgf-beta, and Apelin-mTOR activities (Figure 8C, Supplementary Figure 7A). These broad, literature-based analyses led us to further explore these pathways in depth. We first used quantitative reverse transcription (RT)-PCR to validate transcript changes associated with the various signaling networks highlighted in the pathway analyses (Figure 8D). Next, to assess relationships of Rab11aDN transcriptional signatures to signaling pathways that are activated/inhibited specifically within the developing zebrafish retina, we compared Rab11aDN RNA-sequencing experiments to scenarios in which we acutely modulated Wnt, Notch, Hippo, or mTOR signaling using vsx2:Gal4;UAS:EGFP-Wnt2ba, vsx2:Gal4;UAS:myc-NICD1a (Scheer et al., 2001), and vsx2:Gal4;dsRED:UAS:YapS87A (Miesfeld and Link, 2014) transgenic animals or through the addition of the mTOR inhibitor, Torin, respectively (Supplementary Table 1, Supplementary Figure 8). We performed similar RNA-sequencing experiments on 36 hpf dissected retinas from larvae of control, Wnt2b overexpression, NICD1a overexpression experiments, or treatment of embryos with 100 μM Torin. Data assessing changes in Hippo signaling were obtained from our published studies assessing the consequence of YapS87A overexpression in 36 hpf retinas within the same experimental setup (Miesfeld et al., 2015). To examine the extent to which Rab11aDN differentially expressed transcripts displayed similar alterations in expression when these signaling pathways were activated/repressed, we assessed both correlations of fold changes of Rab11aDN differentially expressed transcripts across samples (Figure 8E) and the degree to which individual transcripts were differentially expressed across the multiple experimental paradigms (Figures 8F–K). In general, transcripts that were differentially expressed in Rab11aDN experiments displayed the most congruent expression changes to experiments where the Notch signaling pathway was activated (Figures 8E–G, Supplementary Figures 7B–E). Specifically, numerous Notch pathway targets (hey2, heyl, her4.1, her4.2) were up-regulated within Rab11aDN experiments (Figure 8K). However, many of the differentially expressed transcripts in YapS87A or Wnt2b overexpression experiments also showed consistent changes within Rab11aDN retinas (Figure 8K).
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FIGURE 8. RNA-sequencing of Rab11aDN retinas identifies shared features with modulation of multiple signaling pathways control RPC proliferation. (A) Schematic of genetics for input for RNA-sequencing experiments to test changes in retinal transcript expression resulting from Rab11aDN expression, Notch-pathway activation (NICD1a), Wnt-pathway activation (Wnt2b), inactive Hippo pathway (YapS87A; Yap constitutive active), or inhibition of mTOR signaling (Torin). (B) Global analysis of differentially expressed transcripts in 36 hpf Rab11aDN retinas. Differentially expressed transcripts are indicated in Red. Gene names are listed for differentially expressed transcripts that display high residual to the mean. (C) Target pathways from IPA pathway analysis on Rab11aDN differentially expressed transcripts using WikiPathways (top) and KEGG pathways (bottom). (D) qRT-PCR validation of RNA-sequencing results for transcripts associated with the Notch (mb and numb), Hippo (olig4 and frem3), Wnt (sfrp1a), and mTOR (igfbp1a, igfbp3, pik3ca) pathway modulations. (E) Correlation of the fold changes of differentially expressed transcripts from Rab11aDN experiments with the fold changes observed in additional RNA-seq samples, indicating similarity between transcript signatures. (F–J) Venn diagrams of differentially expressed transcripts across RNA-sequencing samples of (F) All RNA-sequencing samples performed or pairwise comparisons of Rab11aDN differentially expressed transcripts with (G) NICD1a, (H) YapS87A, (I) Wnt2b overexpression studies, or (J) inhibition of mTOR signaling using the Torin inhibitor. (K) Heatmaps of Up- (Yellow) or Down-regulated transcripts within NICD1a, YapS87A, or Wnt2b experiments indicating the corresponding expression fold change in Rab11aDN studies.


Our data, altogether, suggest an active role of Rab11a recycling endosomes in the regulation of multiple signaling pathways. As studies of Crb1/2 knockout mouse retinas lead to both a proliferative phenotype and alterations to multiple signaling pathways including the Notch, Hippo, and p120-catenin pathways (Alves et al., 2013; Pellissier et al., 2013), we conclude that Rab11a activity is impacted by nuclear position in RPCs, and thus, affects Crb2a localization, which leads to the modulation of several signaling pathways that together influence retinal neurogenesis.




DISCUSSION

In this study, we explored the potential of polarized endocytosis to regulate the relationships between nuclear position, cell signaling, and neurogenesis within the zebrafish retina to gain insight into how cellular features, such as nuclear position, can translate to a transcriptional signature that drives cell cycle exit. In RPCs, we found that early and recycling endosomes are concentrated in a nuclear position-dependent manner, situating localized endomembrane activity as a potential regulator of cell signaling that influences neurogenesis. We tested the effect of Rab11aDN expression to address whether recycling endosome function in particular is required to mediate these relationships. The expression of the Rab11aDN transgene caused a redistribution of the Crb2a protein from cell junctions and the apical plasma membrane to intracellular puncta, with overall cell polarity maintained. The analysis of cell cycle exit of RPCs in Rab11aDN retinas revealed an increased proportion of RPCs remaining in the cell cycle, which was phenocopied by Crb2a loss-of-function or with Crb2a mis-localization. Previous studies have shown a requirement of the Rab11-interacting proteins (Rab11-FIP) in the regulation of the inner nuclear layer (INL) cell differentiation in both mouse and zebrafish (Muto et al., 2006, 2007), and of relevance to our studies, knockdown of Rab11-FIP4 results in smaller eyes due to aberrant cell proliferation and cell cycle exit. Here, we provide evidence for a direct role of Rab11a in retinal neurogenesis. Importantly, we provide additional support for nuclear position-dependent localized activity of endosome recycling through the examination of the Rab11a-GAP, Evi5b. Consistent with previous reports, the GFP-Evi5b transgene localized at puncta near the apical surface, where centrosomes are anchored. Evi5b overexpression also resulted in redistribution of Crb2a protein and reduced cell cycle exit, phenotypes akin to those observed with Rab11aDN expression. These results support a hypothesis that recycling endosome activity is inhibited by promoting the Rab11a-GDP-bound state when recycling endosomes are apically positioned and in close proximity to the centrosome. As we observed an apical concentration of recycling endosomes in RPCs with apical nuclei, we suggest that Rab11a and recycling endosome activity is regulated in a nuclear position-dependent manner (Figure 7). The role of localized endocytosis and recycling of transmembrane and junction associated proteins has been demonstrated previously. For example, G protein-coupled receptor signaling (Weinberg and Puthenveedu, 2019) and several pathways controlled by AMOT, a cell junction associated signaling factor (Heller et al., 2010; Cox et al., 2015; Brunner et al., 2020), are regulated through locally concentrated endocytic activity. However, the activity of an endocytic cycle has not been shown previously to be associated with nuclear position.

Given the novelty of this finding, we further explored the mechanism by which Rab11aDN inhibits RPC differentiation through examining the consequence of Rab11aDN expression on RPC signaling pathways. Rab11aDN expression caused impaired localization of a Notch transgenic protein and concomitant reduction in Notch reporter activation. However, the modulation of Crb2a expression levels alone through gain or loss-of-function experiments suggests that Crb2a inhibits Notch signaling autonomously, consistent with previous reports (Ohata et al., 2011). Therefore, we suggest that Rab11aDN expression changes the localization of the Crb2a protein, consistent with the intracellular accumulation of Crb2a immunofluorescence and redistribution of Crb2a binding partners that regulate numerous signaling pathways. Additionally, the localization of the Crb2a intracellular domain to EGFP-Rab11a vesicles caused an increase in RPC proliferation, a phenotype that should be independent of the direct cis inhibition of the Crb2aEXT on the Notch receptor. This supports a mechanism by which redistribution of Crb2a modulates signaling for numerous pathways. Our transcriptomic analyses are in agreement with this notion: Rab11aDN significantly shifted signatures of several pathways known to influence retinal neurogenesis including Notch, Wnt, and Hippo, and to a lesser extent mTOR signaling.

One remaining question is what complements Rab11 activity to mediate Crb2a recycling between the apical cell surface to internalized endosome vesicles? A potential clue comes from our studies investigating Rab5 (Supplementary Figure 3E). The expression of Rab5 constitutive-active protein results in Crb2a accumulation in large vesicles, confirming a significant role for endosomal trafficking of Crb2a (Lu and Bilder, 2005; Roeth et al., 2009; Clark et al., 2011). Furthermore, Crumbs proteins interact with components of the evolutionarily conserved retromer complex that facilitates protein transport back to the trans-Golgi network (TGN) (Pocha et al., 2011; Zhou et al., 2011). Many retromer-associated proteins will accumulate at the TGN; however, this is not the case for Drosophila Crumbs, suggesting an active recycling mechanism back to the apical domain (Pocha et al., 2011). While not yet experimentally analyzed, it was postulated that the passage of Crumbs through the TGN may facilitate co-transport of an apically secreted, Crumbs binding partner (Pocha and Knust, 2013). A similar mechanism is observed for Wg secretion by Wntless in Drosophila, where Wntless binds Wg in the TGN to facilitate secretion, and Wntless is then re-internalized from the plasma membrane through endocytosis and trafficked by the retromer back to the TGN to renew the process (Franch-Marro et al., 2008; Port et al., 2008). From our data, we suggest minimally that Rab11a activity is important for apical recycling of Crb2a in RPCs. The details of other modulators of Crb2a will be important to assess as future studies.

Crb2a may not be the only apical junction associated protein whose localization is affected by endocytic recycling and which can influence neurogenic signaling. Two genes that displayed differential transcript abundance in Rab11aDN vs. control retinas provide possible insight to factors affected by Rab11a-mediated endocytosis and signaling: Vangl2 and Amotl2a. Work examining planar cell polarity, controlled by non-canonical Wnt signaling, has shown that Vangl2 targets Rab11(+) recycling endosomes to the apical domain to localize PCP determinants (Mahaffey et al., 2013). Research using zebrafish has shown that Amotl2 negatively regulates Wnt signaling by trapping β-catenin in Rab11 endosomes, thus reducing both cytoplasmic and nuclear accumulations of β-catenin (Li et al., 2012). Combined, these experiments suggest a requirement of Rab11 recycling endosomes for proper control of Wnt signaling. Amotl2 can also impact Lats kinase activity (Mana-Capelli and McCollum, 2018) and is itself a target of the transcriptional co-activator Yap (Calvo et al., 2013), providing a possible explanation for altered Hippo signaling as well.

Interestingly, the relationships between fundamental cellular processes and neurogenesis vary across species and in different parts of the nervous system (Willardsen and Link, 2011). For example, the length of the cell cycle has been shown to regulate mouse cortical neurogenesis (Lange et al., 2009; Pilaz et al., 2009). However, within the retina, this relationship does not exist (Baye and Link, 2007; Gomes et al., 2011). Inheritance of the mother centrosome is another fundamental cellular event that can influence neurogenesis. In Drosophila neuroblasts, inheritance of the mother centrosome at cell division cues cell cycle exit, whereas cell receiving the daughter centrosome remains proliferative (Conduit and Raff, 2010; Januschke and Gonzalez, 2010). This basic mechanism is conserved in mouse cortical progenitors, although the relationship between mother–daughter centrosome inheritance and neurogenesis is switched, and the bias on cell cycle exit or proliferation is less dramatic (Wang et al., 2009). It will be interesting to see whether the influence of polarized endocytic activity on neurogenesis described here is a conserved feature across tissues and species.

In summary, we suggest that nuclear position-dependent polarization of Rab11a can regulate the signaling networks to mediate the relationship of nuclear position and neurogenesis, at least partially through the regulation of Crb2a localization. While several individual pathways that regulate the proliferative capacity of RPCs are mis-regulated in Rab11aDN retinas, it is unlikely that one pathway is solely driving the proliferative phenotype. Instead, we propose that the combined transcriptional landscape in Rab11aDN retinas is collectively biasing RPCs to remain proliferative.



MATERIALS AND METHODS


Zebrafish Transgenic Lines

Transgenic lines used in this study are listed in Supplementary Table 3. Tol2-Gateway constructs used throughout the course of these studies are listed in Supplementary Table 4.

Transgenic constructs were generated through Gateway® (Invitrogen, Carlsbad, CA, USA) recombination techniques into the Gateway-Tol2 as previously described (Kawakami, 2005; Kwan et al., 2007). The Crb2a entry clones were received from Abbie Jensen (UMASS-Amherst). The human Fzd5 enhancer (Willardsen et al., 2009) from the pG1-cfos-hFzd5CSA:GFP construct (gift from M. Vetter, University of Utah) was used to generate a 5′ entry clone by digesting with SalI and BamHI to remove the hFzd5CSA enhancer. The Fzd5 enhancer fragment was then ligated into the p5E-MCS gateway construct. The Tg(trβ2:EGFP)mw59 line was generated using the −1.8 kb trβ2 promoter driving EGFP, followed by 2.0 kb of the trβ2 Intron1 as described in Suzuki S. C. et al. (2013). Additional constructs used throughout the study are listed in Supplementary Table 3.



Morpholinos

The following morpholino oligonucleotides were synthesized by GeneTools (Philomath, OR, USA): tp53 MO, 5′-GCGCCATTGCTTTGCAAGAATTG-3′ (Robu et al., 2007) and MO2-crb2a, 5′-ACGTTGCCAGTACCTGTGTATCCTG-3′ (Omori and Malicki, 2006). Morpholinos were injected into 1–2 cell stage embryos. The efficacy of the splice-blocking morpholino (MO2-crb2a; Figure 2H) was determined using RT-PCR on control and injected embryos, assaying for inclusion of crb2a Intron 5 in RNA transcripts as previously described (Omori and Malicki, 2006).



Antibodies

The following antibodies were used: phospho(ser10)histone3 [rabbit polyclonal, 1:1,000, Upstate Biologicals (Lake Placid, NY, USA), Cat#06-570], b-catenin [mouse monoclonal, 1:500, BD Biosciences (San Jose, CA, USA), Cat#610153], aPKC-i/z C20 (Prkci) [rabbit polyclonal, 1:1,000, Santa Cruz Biotechnology (Santa Cruz, CA, USA), Cat#SC-216)], Crb2a/Zs4 antigen [1:20, University of Oregon Monoclonal Antibody Facility (Hsu and Jensen, 2010)], Laminin [rabbit polyclonal 1:500, Sigma, Cat#L9393], Zrf-1 (GFAP) [mouse monoclonal, 1:5,000, Zebrafish International Resource Center (ZIRC)], Zpr1 (Arr3a) [mouse monoclonal, 1:250, Zebrafish International Resource Center (ZIRC)], and Zpr3 (Fret11) [mouse monoclonal, 1:250, Zebrafish International Resource Center (ZIRC)]. Immunofluorescence was performed on 4% paraformaldehyde fixed, whole embryos at indicated timepoints as previously described (Clark et al., 2011).



Histology and TEM

Retinal histology and TEM were performed as previously described (Soules and Link, 2005).



EdU Analysis

For EdU experiments, embryos were injected with 2 mM EdU into the pericardial region of both the experimental and sibling control embryos between 34 and 36 hpf. Embryos were grown to 48 hpf (12-h EdU pulse), then fixed in 4% paraformaldehyde overnight at 4°C, and processed for cryo-sectioning. Then, 10–12 μm sections were obtained on Superfrost® Plus (Fisher Scientific, Waltham, MA, USA) slides, and sections were allowed to dry for 1–2 h on the slides at room temperature (RT) prior to EdU detection. EdU incorporation was detected per manufacturer's instructions using 250 μl Click-iT reaction cocktail/slide. Nuclei were counter-stained using ToPro®-III iodide (642/661) (Molecular Probes, cat. #T3605) (1:10,000) in phosphate buffered saline (PBS).



Blastula Transplantation

Chimeric embryos were generated through blastula transplantation as previously described (Carmany-Rampey and Moens, 2006).



Quantification of Organelle Localization

Blastula transplants of EGFP-Rab (endosome marker) or Golgi (Man2a-GFP) and H2a-mCherry (nuclei) were performed to isolate small clones of labeled cells within the developing retinas. Confocal images of 28 hpf embryos were performed to assess nuclear position and endosome localization. Cells were binned by distance of the nuclei from the apical surface as a percent of total apical–basal distance. Endosome positioning was performed in a similar manner. Data represent quantification of endosomes from >10 cells/bin (apical, medial, and basal nuclei), with >5 embryos/genotype.

The analysis of centrosomes (Centrin-GFP) was performed in a similar manner, expect that only eight individual cells from >3 embryos were quantified as centrosome positioning within 28 hpf RPCs was always observed at the apical surface.

Transplants using the mitochondrial reporter (CoxVIII-GFP) were performed and imaged in a similar manner on six cells from >3 embryos. Quantification of mitochondrial positioning was assessed through quantification of fluorescent intensity using a line-scan across the entire apical–basal length of clonal RPCs (Supplementary Figures 1H,I). As we observed relatively uniform positioning of the mitochondrial network across the apical basal access, we compared the distribution of mitochondrial fluorescence both apical and basal to the center point of the nucleus and compared these proportions to a hypothetical uniform distribution using a linear regression to determine if the slopes and intercepts of the trendlines of mitochondrial fluorescence were significantly different from the hypothetical uniform distribution.



Measurements of Apical Junction Length

Length of the electron dense junctions within TEM images was performed using blinded images. In cases where two junctions were present for individual RPCs, junctional length for the cell was averaged across the two junctions. In cases where a single junction was observed, the single junction length was used. Junctional length was assessed for 12 cells from >3 embryos for each genotype.



Quantification of Notch Reporter Activity

Notch reporter transgene expression was determined through calculations of the average fluorescent pixel intensity of either the her4.1:dRED or the tp1:d2GFP reporters. Fluorescent intensity was averaged for unit area, with measurements taken within the regions defined by the nucleus.



Heat-Shock Expression of Transgenes

Heat-inducible transgene expression was obtained through 30-min incubations of embryos in fish water at 37°C. Transgene expression was observed within 2–4 h, with phenotypic analyses conducted >8 h post-heat-shock induction (32–36 hpf).



Cell Death Analysis

Embryos were incubated in 5 μg/ml acridine orange (Sigma-Aldrich) for 20 min at 28.5°C at 24, 48, or 72 hpf. Embryos were washed three times in fish water, anesthetized in tricaine, and embedded in 1% low-melt agarose in a glass-bottomed Petri dish for confocal imaging.



Determination of Apical Domain Size

Apical domains of RPCs were obtained using a dorsal mount for imaging of 24–28 hpf embryos. Confocal imaging through the brain and retinal pigment epithelium (RPE) is performed to determine the positioning of confocal z-planes relative to the apical surface. The surface area of RPCs not undergoing mitosis (very large cells with more rounded shapes; Clark et al., 2012) is determined by outlining cells of interest to quantify the apical area, as performed previously in Clark et al. (2012).



Determination of Prkci Fluorescence Recovery

Blastula transplants of control (Crb2a morpholino injected; hsp70:Gal4/UAS:GFP) or Crb2a heat-shock inducible transgenes (Crb2a morpholino injected; GFP:HSE:HA-Crb2aFL/EXT) were performed into wild-type hosts. Heat-shock induction of transgenes was performed at 24 hpf with embryos fixed at 36 hpf and processed for immunofluorescence. Line scans across the apical surface were used to determine “average Prkci fluorescence” of host tissue cells neighboring integrated clones. Percent recovery was determined based on the comparison of average Prkci fluorescent intensity of integrated clonal cells from control or Crb2aFL/EXT donors in GFP-positive regions across the line scan at the apical surface to average Prkci intensity of neighboring cells. Quantification was performed on >10 clones from >5 embryos for each genotype.



Torin Treatment

Torin-1 was diluted in dimethylsulfoxide (DMSO) and added to the water of 24 hpf wild-type larvae at a final concentration of 100 μM. Control embryos were obtained by adding the equivalent volume of DMSO without Torin-1 to the fish water.



Retinal RNA Extraction and Purification

Whole eyes were dissected from 36 hpf experimental and sibling control breedings from Torin treatment experiments or from vsx2:Gal4-driven transgenic expression of either UAS:mCherry-Rab11aDN, UAS:EGFP-Wnt2ba, and UAS:myc-NICD1a. Dissected retinas were immediately frozen on dry ice until ~60 pooled retinas per replicate were obtained for each genotype. RNA samples were collected in triplicate for each genotype. RNA was purified as described in Uribe et al. (2012) except that RNA was eluted in a 50 μl final volume. RNA quality was determined using an Agilent BioAnalyzer, and only samples displaying RNA integrity scores >7.5 were being used for library preparation and sequencing. Data for 36 hpf vsx2:Gal4>dsRED:UAS:YapS87A experiments generated in a similar manner were obtained from GSE71681 (Miesfeld et al., 2015).



RNA-seq

A 50-bp single read sequencing was performed in triplicate for each genotype using an Illumina HiSeq2000 at VANTAGE (Vanderbilt University, Nashville, TN, USA) and is available using GEO accession GSE154895. RNA-sequencing files were aligned to the zv11 reference genome using STAR v2.7.1a (Dobin et al., 2013). YapS87A RNA-sequencing results (Miesfeld et al., 2015) were obtained from GSE71681 and re-aligned to zv11 for consistency across samples. Aligned reads were cleaned and sorted using samtools v1.9. Aligned reads were then assigned to genes and quantified using htseq v0.12.4 (Anders et al., 2015). Data normalization and differential expression analysis were performed using edgeR (Price et al., 2019).
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The remarkable sensory, motor, and cognitive abilities of mammals mainly depend on the neocortex. Thus, the emergence of the six-layered neocortex in reptilian ancestors of mammals constitutes a fundamental evolutionary landmark. The mammalian cortex is a columnar epithelium of densely packed cells organized in layers where neurons are generated mainly in the subventricular zone in successive waves throughout development. Newborn cells move away from their site of neurogenesis through radial or tangential migration to reach their specific destination closer to the pial surface of the same or different cortical area. Interestingly, the genetic programs underlying neocortical development diversified in different mammalian lineages. In this work, I will review several recent studies that characterized how distinct transcriptional programs relate to the development and functional organization of the neocortex across diverse mammalian lineages. In some primates such as the anthropoids, the neocortex became extremely large, especially in humans where it comprises around 80% of the brain. It has been hypothesized that the massive expansion of the cortical surface and elaboration of its connections in the human lineage, has enabled our unique cognitive capacities including abstract thinking, long-term planning, verbal language and elaborated tool making capabilities. I will also analyze the lineage-specific genetic changes that could have led to the modification of key neurodevelopmental events, including regulation of cell number, neuronal migration, and differentiation into specific phenotypes, in order to shed light on the evolutionary mechanisms underlying the diversity of mammalian brains including the human brain.
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INTRODUCTION AND ROAD MAP FOR THIS REVIEW

In this review I propose a journey through the evolutionary history of the cortex in mammals. From the appearance of the six-layered neocortex in an ancestor of mammals to the evolution of the human brain. Although in this work, I compare the neocortex of mammals to homologous brain regions of other amniotes, an exhaustive comparison of the different brain plans in reptiles, birds and mammals and the different hypotheses that have been delineated to explain their evolutionary history are outside the scope of this review. For this matter excellent reviews and books are available (Northcutt and Kaas, 1995; Aboitiz et al., 2002; Striedter, 2005; Medina, 2007; Bruce, 2010; Montiel and Aboitiz, 2015; Montiel et al., 2016; Goffinet, 2017; Nomura and Hirata, 2017; Kaas, 2020). I mainly focus this review on the developmental pathways that were probably modified to render the mammalian neocortex. In addition, I analyze current knowledge about the evolution of the brain in mammalian lineages that are characterized by highly elaborated cognitive capacities such as elephants, primates and cetaceans. Finally, I concentrate on recent findings in human-specific genetic modifications and their potential impact in the evolution of the human brain.



THE MAMMALIAN BRAIN


Basic Plan

Mammals are the most widespread group of vertebrates having conquered a large variety of ecological niches on land, water, and air. There are around 5,500 mammalian species today classified in 18 orders. Three subgroups of mammals are clearly distinguished among living mammals. Monotremata (Prototheria), is a group of egg-laying mammals that live in Australasia and represented today by only two species of echidna and a species of platypus (Figure 1). Marsupialia (Metatheria) are pouched mammals living today in the Americas and Australasia and classified in 260 species, the most representative of which are the kangaroos and the opossums. Placentalia (Eutheria) is the largest group, with around 4,300 species divided in 18 orders that have been clustered in four major branches: Xenarthra, encompassing anteaters, armadillos, and sloths; Afrotheria, a group including elephants and tenrecs, Laurasiatheria, with bats, cats, cows and whales; and Euarchontoglires, a group composed of rodents, primates, flying lemurs and rabbits (Figures 1, 3).


[image: Figure 1]
FIGURE 1. Phylogenetic tree of mammalian evolution. The schematic phylogenetic tree has been based on phylogenetic trees built by Goffinet (2017) and Rowe (2017). Red lines mark the mass extinction events. In every lineage two examples of lissencephalic and gyrencephalic brains are shown. Extinct lineages show examples of species that have been described from fossils specimens. Drawings of Therapsid Proburnetia viatkensis Tatarinov species and Cynodont Kayentatherium wellesi Kermack species were performed by the artist Nobu Tamura (http://spinops.blogspot.com/) and reproduced with permission.


Beyond the very well-known characteristics that distinguish mammals from other vertebrates such as hair, breast-feeding, jaws, dentition, etc., the mammalian brain allows this successful group to sense the world in a unique way. In fact, Mammals have evolved a series of innovations regarding the way they can read sensory clues, including a highly developed sense of smell and the ability to better detect and discriminate airborne sounds. On the other hand it has been hypothesized that mammals at some point became nocturnal and as a consequence they lost their ability to see color (Walls, 1942; Land and Osorio, 2003). Thus, these changes in the sensory system have also impacted in the brain centers that process sensory information. Beyond the diversity and specialization of the mammalian brain in different lineages a basic organization of the mammalian brain is characterized by a well-developed forebrain that contains a six-layered neocortex located dorsally. In fact, at the beginning of development, shortly after its closure, the neural tube forms rostrally three primary vesicles namely prosencephalon (forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain). These primary vesicles later develop into five secondary brain vesicles: whereas mesencephalon stays undivided, the prosencephalon splits to render the telencephalon and diencephalon, and the rhombencephalon is subdivided into the metencephalon and myelencephalon. From the telencephalon are developed the cerebral cortex together with several subcortical structures, including the hippocampus, basal ganglia, limbic system and the olfactory bulbs. Whereas the cerebral cortex primarily derives from the dorsal part of the telencephalon, the ventral telencephalon is composed of the ganglionic eminences (GE) from where interneurons that express the inhibitory neurotransmitter GABA originate and later migrate to the developing cortex (Gelman and Marín, 2010; Faux et al., 2012).

The cerebral cortex can be subdivided either into: isocortex and allocortex based on histological criteria; homogenetic and heterogenetic based on layer development timelines; or neocortex, paleocortex and archicortex based on evolutionary criteria. The archicortex consists of the hippocampal formation, which is located ventromedially related to the neocortex. This part of the cortex is involved in learning and memory. The paleocortex consists of the olfactory bulbs, limbic structures (amygdala), piriform cortex and secondary olfactory cortex and it is located ventrolaterally in relation to the neocortex.

The isocortex or neocortex in mammals is located dorsally and comprises the phylogenetically youngest cortical areas and it is characterized by a six-layered structure that develops during fetal stages and maintains this lamination pattern in adulthood. The neocortex mainly deals with sensory information beyond olfactory input that is processed at the piriform cortex. The neocortex is organized in regions specialized for different functions: these areas include primary visual (V1), somatosensory (S1), and auditory areas (A1). In addition there are other areas in the neocortex such as motor areas, secondary somatosensory, visual and other areas that vary from lineage to lineage.

Information from fossils (endocasts) and extant mammals is used to describe the basic brain of early mammals and protomammals. The fossil evidence indicates that early mammals had little neocortex relative to brain size and that piriform cortex and other areas dedicated to olfaction were more developed. Thus, the olfactory bulbs were quite large since early mammals had a very well-developed sense of smell. Regarding other areas of the brain, it is very probable that ancestral mammals lacked a corpus callosum that connects both cerebral hemispheres since although this structure is present in all placental mammals it is not found in monotremes or marsupials (Aboitiz and Montiel, 2003; Mihrshahi, 2006; Kaas, 2013). On the other hand, in the basal ganglia, the striatum is present in all tetrapods and receives dopaminergic projections from the diencephalum and/or the tegmentum, thus we suppose that basal ganglia were present in ancestral mammals. Moreover, other structures such as the nucleus accumbens, pallidum (globus pallidus) were also present as in all tetrapods.



The Emergence of the Mammalian Brain: Comparison to Other Tetrapods Brains

What is different about the mammalian cortex compared to other tetrapods? In the reptiles the homologous forebrain region to the neocortex is the dorsal cortex but it possesses three layers of which only one possesses the neuronal bodies of pyramidal neurons and interneurons (Figure 2) (Aboitiz et al., 2002; Bruce, 2010; Molnár, 2011). In addition, reptiles and birds (sauropsids) possess a big structure in the telencephalon called the dorsal ventricular ridge (DVR) where many sensory inputs like visual, somatosensory and auditory, are processed and in this ways covers many of the functions of the mammalian neocortex (Figure 2). Several hypotheses have been proposed to explain the origin of the DVR of birds and reptiles but they are outside the reach of this review (see Striedter, 2005; Medina, 2007; Butler et al., 2011; Montiel et al., 2016; Puelles et al., 2017). In birds, although they have a large dorsal cortex, it is organized in nuclei and not in layers (Dugas-Ford et al., 2012). The dorsal cortex is called “Wulst” or hyperpallium (Reiner et al., 2004). There is almost no doubt that the Wulst is the homologous region to the dorsal cortex in reptiles and also to neocortex in mammals. However, it is small in the majority of birds compared to the mammalian neocortex and it has been suggested that it is the very big DVR in birds that plays many of the functions of the cortex in mammals (Figure 2). Since the Wulst process mainly visual and some somatosensorial inputs, it is more developed in those birds that have improved visual capacities (Striedter, 2005).


[image: Figure 2]
FIGURE 2. Cortex across amniota. (A) Schematics of coronal sections at the forebrain in amniotes. On the left a drawing of the developing mammalian forebrain (based on the mouse) indicating the location of the neocortex (NCx), medial cortex (MC), lateral cortex (LC), and ventral telencephalic structures such as the lateral and medial ganglionic eminences (LGE and MGE). In the middle and at the right schematics of the reptile and bird forebrains showing dorsal cortex (DC), medial cortex, lateral cortex, hyperpallium or Wulst (W), and subpallial structures as the dorsal ventricular ridge (DVR). The approximate location of the striatum is also indicated (ST). Colors indicate brain regions that are homologous among the different vertebrate lineages. Rectangles in mammal and reptile brains indicate approximate location of the layers schematic shown in (C). (B) A Nissl stained coronal section of the adult macaca rhesus forebrain is shown. The rectangle indicates the approximate location of the magnification shown at the right. Magnification shows layers of the neocortex. (C) Schematic of the six layers of the neocortex in the adult mammalian neocortex. Next, a drawing shows the three layers of the dorsal cortex in a reptile. (D) Representational drawings of the developing neocortex of a gyrencephalic primate and a lissencephalic rodent where the germinative zones and cellular types are indicated. Next to it, the different cellular types of the adult and the embryonic developing neocortex are indicated. Macaque rhesus (Macaca mulatta) brain slices are from BrainMaps: An Interactive Multiresolution Brain Atlas; http://brainmaps.org.


It is proposed that the stem amniotes from which mammals and present day reptiles and birds originated had a cerebral cortex in the telencephalon. In fact, a basic plan for the organization of this amniote cortex has been proposed (Puelles et al., 2016, 2017): this cortex is divided in a ventral part and three dorsal fields that includes medial, lateral, and dorsal components. Whereas, the medial part in sauropsids corresponds in mammals to the hippocampal formation, the lateral cortex coincides with the piriform cortex and the dorsal cortex corresponds to the neocortex (Puelles et al., 2016, 2017).



How the Neocortex Is Made in Mammals?

Before analyzing the genetic pathways that could underlie the evolution of the six-layered neocortex, I will summarize briefly how the cortex develops in mammals compared to sauropsids and birds. In mammals the cortex is composed approximately of 80% of excitatory glutamatergic neurons that are generated in situ through the proliferation and migration of progenitor cells. In addition, the cortex possesses GABAergic cortical interneurons that originate in the ganglionic eminences and that migrate to the cortex (Gelman and Marín, 2010; Faux et al., 2012). The neocortex develops through a process called neurogenesis from a single layer of neural progenitor cells (NPCs) that cover the lateral ventricles and that are present in early stages of brain development as neuroepithelial cells (NECs). This layer of progenitor cells that covers the lateral ventricles is known as ventricular zone (VZ) (Figure 2). In early stages of development NEC divide symmetrically to amplify the progenitor pool and then, at the onset of neurogenesis NECs acquire glia markers and are from this stage named as apical radial glia cells (aRG). Then, aRG can divide symmetrically or asymmetrically to give origin either to more aRG or to three other cell types: (i) basal radial glia (bRG), (ii) intermediate progenitors (IPs), or (iii) neurons (for a review of cell types see Florio and Huttner, 2014; Goffinet, 2017) (Figure 2).

IPs migrate into a new layer or proliferative zone called the Subventricular Zone (SVZ). In the SVZ, IPs divide symmetrically to generate more IPs, before differentiating into neurons. Early born neurons, in turn migrate through the intermediate zone (IZ) to form first the preplate and later the cortical plate (CP). Neurons are organized in the CP forming layers that are deposited during development in an inside to outside manner in which layers VI and V are formed first and then IV, III and II (for a review see Rakic, 2009). Layer I, that consist mainly of Cajal-Retzius neurons, is an exception to this inside-outside pattern since these cortical cells are born earlier (around mouse embryonic days 10–11.5) and migrate to form this layer (Germain et al., 2010). Layer I is called the molecular layer and contains very few neurons and together with layer II or external granular layer, and layer III which is the external pyramidal layer constitute the supragranular layers. The supragranular layers are the primary origin and termination of intracortical connections that permits communication between one portion of the cortex and other regions (Swenson, 2006). Layer IV or internal granular layer receives thalamocortical connections, mainly from specific thalamic nuclei. Layer V called the internal pyramidal layer and layer VI known as the multiform/fusiform layer constitute the infragranular layers, which function is to connect the cerebral cortex with subcortical regions. Each cortical layer contains different cell types, for instance the pyramidal cells are the main neuronal type within layers III and V (Figure 2).

In reptiles, like the turtles, it has been described that they possess a VZ where cell division occurs, but not SVZ has been found (Cheung et al., 2007). In diapsids, like the gecko, it has been shown that NE cells divide first symmetrically and then asymmetrically to generate neurons (Nomura et al., 2013a). In addition, neurogenesis in the cortex of turtles and lizards obeys an outside-to-inside gradient (Goffinet et al., 1986). In birds (particularly in the chick), it has been shown that they have a clearly distinguished SVZ where cell divisions occur at E8 and E10. This SVZ is present in pallial and subpallial structures like the DVR and basal ganglia but not in the dorsal cortex (Cheung et al., 2007).



Evolution of the Six-Layered Neocortex in Mammals: When, How, and Where?

To clearly establish when the first animal to be called mammal appeared on Earth depends on the definition of mammals. Mammals possess many distinctive characters but in the fossil record it is possible to find many animals that show a few but not all the characters that define mammals. The history of mammals is a very rich one and it starts very early on with the appearance of a lineage of reptiles that showed some of the distinctive mammalian characters. Here I will revise this story very briefly but excellent reviews and books on the matter can be found (Kemp, 2005; Kielan-Jaworowska et al., 2005; Rowe, 2017).

Early reptiles, now usually called “stem amniotes,” originated from amphibians about 320 million years ago in the late Carboniferous (Colbert et al., 2001; Benton, 2015; Benton et al., 2015) and soon (around 305 mya) divided into two major clades, the sauropsid or diapsid clade and the synapsid clade. From the sauropsid clade originated modern reptiles and birds, while the synapsid clade, led to the appearance of early mammals ~280 mya (Figure 1). Stem synapsids are conformed by two groups: pelycosaurs and therapsids (Figure 1). It is known that after the Permian-Triassic mass extinction 80% of terrestrial vertebrates disappeared but some therapsids survived, particularly the dicynodonts and the cynodonts (Kemp, 2005) and from this last group it is documented that the stem mammals evolved ~240 mya (Figure 1).

Thus, during the first part of the Mesozoic era the first animals that are named mammals appeared. These early mammals (or Mammaliaformes) were very small, shrew-like insectivores that were mostly nocturnal or lived underground. As mentioned before, these habits did not require three color vision, which led to the loss of opsins at some point during the evolution of mammals whereas trichromatic color vision was conserved in diapsids (Rowe et al., 2011). From this group, the egg-laying prototherians splitted very early on around 200 mya, whereas the metatherians or marsupials diverged more recently, around 150 mya from the lineage leading to Eutherian or placental mammals (Figure 1). For many years, until around 66 mya, mammals were small animals like mice, rats or shrews and some of them a little larger like cats or dogs. When dinosaurs started to disappear, around 66 mya, mammals rapidly diverged and occupied a diversity of ecological niches (Figure 1). This adaptive radiation led to the appearance of a great diversity of mammals from all the mammalian orders, some of which inhabit the Earth today.

Regarding the appearance of the six layered neocortex it is known that all therian mammals, including placentals and marsupials possess a six layered neocortex. In fact, it has been shown that marsupials display an organized SVZ, determined by the presence of basal progenitor cells and a pattern of expression of genes that resembles the one found in eutherian mammals, implying that the SVZ emerged prior to the Eutherian-Metatherian divergence (Cheung et al., 2010).

In addition, it is now known that monotremes that splitted from the mammalian lineage very early on (around 200 mya; Figure 1) after the appearance of what are called stem mammals, have a six-layered neocortex (Krubitzer et al., 1995) and also the presence of a SVZ has been described (Ashwell and Hardman, 2012). This indicated that a six-layered neocortex was already present before the split between monotremes and therian mammalian lineages. Then, the question is: did synapsids have six-layered neocortex? Undoubtedly, to answer this question we have to analyze only fossil evidence. From reconstructions performed using brain endocasts and braincases it looks like there was no great development of the telencephalon (Kemp, 2005), thus the answer to the above question is probably not. However, very recently Laaß and Kaestner have reported what seems to be the earliest evidence of a structure analogous to the mammalian neocortex in the fossorial anomodont (Therapsid) Kawingasaurus fossilis from the late Permian of Tanzania (Laaß and Kaestner, 2017). This finding is striking because in all therapsids the telencephalon is apparently quite narrow and does not show any clear signs of enlargement (Hopson, 2001; Kielan-Jaworowska et al., 2005; Kemp, 2009; Rowe et al., 2011). However, the authors of this finding concluded that the appearance of this neocortex-like structure is the result of convergent evolution (Laaß and Kaestner, 2017).

Thus, although this cannot be certainly established the appearance of a six-layered neocortex should have happened between the emergence of stem-mammals from therapsids (around 250 mya) and the evolution of monotremes (around 200 mya) (Figure 1).

In addition, regarding cynodonts there is a lot of discussion among specialist about the evolution of the brain in this group but the general agreement is that although it was very small compared to mammals there was some tendency to an increased size (Kemp and Parrington, 1979; Quiroga, 1980; Kemp, 2005; Kielan-Jaworowska et al., 2005).

Regarding Mammaliaformes, in addition to the general shape of the endocast that suggest an enlarged telecenplalon (Kemp and Parrington, 1979; Quiroga, 1980; Kermack and Kermack, 1984; Kielan-Jaworowska, 1986) and also the presence of a neocortex (Allman, 1999; Kielan-Jaworowska et al., 2005) there is also indirect evidence that the emergence of Mesozoic mammals marks the origin of the neocortex (Rowe, 2017). In fact, it has been suggested that the presence of a special kind of hair follicles called guard hairs involved in mechanoreception found in fossils from China (Ji et al., 2006) indicates the presence of somatosensory regions in the neocortex (Rowe, 2017).

Thus, it is apparent from the evidence analyzed so far that the expansion from a three- to a six-layered neocortex took place at some point in a Mammaliaformes in the lineage leading to the emergence of the common ancestor of all present day mammals. The emergence of a six-layered neocortex required the evolution of a developmental mechanism leading to increase neural production during embryonic neurogenesis. As mentioned before, in the mammalian embryonic cortex aRGs are the main type of progenitor cells, they form in the ventricular zone where they undergo mitosis to generate daughter cells that can take two different pathways: to leave the cell cycle and differentiate as neurons in a mechanisms known as direct neurogenesis or remain as progenitors an re-enter the cell cycle. In fact, aRGs give rise to two types of basal progenitors that migrate to build the subventricular zone (SVZ): bRGs and bIPs. These basal progenitors in turn divide to generate neurons in a two-step process known as indirect neurogenesis (Figure 2). Direct neurogenesis produces neurons in a fast way but also exhausts the progenitor pool rapidly. This is the mechanism that mainly produces neurons in the dorsal cortex of reptiles and birds. These diapsid derived vertebrates do not possess a SVZ in the homolog region of the neocortex, where indirect neurogenesis occurs in mammals (see above). Thus, it is possible that the evolution of this two-step mechanism of neurogenesis or indirect neurogenesis could be the key step in the evolution of the six-layered neocortex.

Moreover, this two-step neurogenesis mechanism that occurs in the SVZ could underlie the amplification of the number of neurons produced by increasing the pace and by lengthening the period of neurogenesis that is the raw material for the expansion of the cerebral cortex in diverse mammalian lineages.



Cortical Folding in Mammals

The size of the neocortex varies remarkably among mammalian species. The extension of the surface area of the neocortex, results in a pattern of folds that characterizes many mammals. For excellent comprehensive reviews on the matter see (Albert and Huttner, 2015; Striedter et al., 2015; Borrell, 2018; Kroenke and Bayly, 2018; Llinares-Benadero and Borrell, 2019). Cortical folding is the result of developmental mechanisms that lead to an extension increase of cortical layers which outcome is a pattern of gyri and sulci. Cortical folding has been described only in mammals. Species without cortical folding are called lissencephalic and species displaying folded brains are named gyrencephalic. Gyrification correlates with neocortical enlargement (Reillo and Borrell, 2012; Lewitus et al., 2013) and it is not the result of a particular evolutionary trend in some mammalian groups, as it is present in all mammalian orders (Figure 1). It has been postulated that folding appeared as an evolutionary solution to the problem of increasing cortical surface area without increasing the volume of the crania (Zilles et al., 2013). However, this hypothesis has been challenged by studies focusing on developmental mechanisms (Borrell, 2018). Cortical folding has been associated with the splitting of the SVZ and the appearance of the outer SVZ (oSVZ) in several gyrencephalic species (Reillo et al., 2011). In fact, the seminal finding by Smart et al. (2002) that in rhesus monkeys the SVZ was splited into two distinctive proliferative layers, i.e., oSVZ and inner SVZ (iSVZ) led to the identification of the oSVZ, as the principal source of cortical neurons in primates (Dehay et al., 2015). The oSVZ in rhesus monkeys and humans is populated by a particular kind of progenitor cell that is collectively known as basal Radial Glia (bRGCs). These progenitors were first described in the developing human neocortex (Fietz et al., 2010; Hansen et al., 2010) and then in other gyrencephalic mammals, such as ferret, cat and sheep (Reillo et al., 2011). In contrast, in the lissencephalic mouse, the SVZ is undifferentiated and a few bRGCs have been found (Wang et al., 2011). Thus, cortical folding has been also linked to a higher abundance of bRGCs in gyrencephalic vs. lissencephalic species (Wang et al., 2011; Pilz et al., 2013). Moreover, increasing the number of bRGCs in the mouse embryonic cortex through genetic manipulations leads to the appearance of folds (Stahl et al., 2013; Florio et al., 2015; Ju et al., 2016; Wang et al., 2016). Although, some lissencephalic mammals such as the marmoset and rats display a small oSVZ (Kelava et al., 2012; Martínez-Cerdeño et al., 2012). The presence of oSVZ-like structures in several placental mammals orders had led to propose that this structure appeared in an ancestor of placental mammals before the divergence of most groups and that was later lost in some species like mice (Dehay et al., 2015).

Regarding the genetic programs underlying cortical folding, several genes have been involved in different mechanisms and at different stages. Many of them were identified in people exhibiting cortical folding anomalies, such as polymicrogyria and lissencephaly. In fact, patients carrying mutations in genes such LIS1, doublecortin (DCX), and cyclin-dependent kinase 5 (CDK5) show lissencephaly (Pilz et al., 1998; Kerjan and Gleeson, 2007; Magen et al., 2015). Genetic manipulations in animal models such as the ferret that displays a gyrencephalic brain, have allowed to show that in fact CDK5 knockout in the ferret cerebral cortex in vivo impairs cortical folding (Shinmyo et al., 2017). Moreover, ferrets lacking DCX lack cortical folds (Kou et al., 2015). As mentioned before, genes affecting the generation and amplification of bRGCs are key factors in the formation of cortical folds. For instance, loss of function of the protein Trnp1 and activation of the SHH signaling pathways increased the number of bRGCs and led to the appearance of cortical folding in mice (Stahl et al., 2013; Wang et al., 2016). It has also been shown that extracellular matrix components such as HAPLN1, Lumican, and Collagen I induce folding of the cortical plate in human fetal neocortex explant systems suggesting that extracellular matrix components play a role in the folding of the human neocortex (Long et al., 2018).

On the other hand, it was early suggested that cortical folding is determined by hydraulic pressure from the cerebrospinal fluid and blood vessels acting on a limited cranial volume (Welker, 1990). Although these early theories were discarded due to the lack of experimental evidence, it has been suggested more recently that cortical folding results from internal or external biomechanical forces (Kroenke and Bayly, 2018). In fact, computational and mathematical models combined with experimental approaches have been developed in order to explain the biomechanical forces that govern folding. In order to simplify computational models the developing brain is represented before the emergence of sulci and gyri, as a structure consisting of two zones: the inner zone composed by the tissue between the cortical plate and the ventricle and the outer zone, conformed by the cortical plate (Kroenke and Bayly, 2018). Then, two main hypothesis have been proposed to establish if the mechanical forces inducing folding arise from the outer or the inner zone: (i) “buckling due to differential expansion” that proposes that the tangential expansion of the outer zone relative to the inner zone is the main force inducing folding (Xu G. et al., 2010; Bayly et al., 2014) and (ii) “axon tension” that suggests that such forces emerge from axons in the inner zone (Richman et al., 1975; Van Essen, 1997). Another theory has been recently developed to explain the expansion of supragranular layers in primates (Nowakowski et al., 2016). This theory, named “Supragranular Cortex Expansion Hypothesis,” proposes that primate cortical neurogenesis progresses in two stages. During early neurogenesis, basal fibers of ventricular radial glia contact the pial surface and newborn neurons migrate along ventricular as well as outer radial glia fibers. In late neurogenesis, newborn neurons reach the cortical plate only along outer radial glia fibers that do not contact the ventricular surface. In this second stage the scaffold formed by radial glia is broken and there is a discontinuous scaffold formed by two morphologically and molecularly distinct radial glia subtypes: ventral RG and outer RG. This model proposes that the tangential and radial expansion of the supragranular neuronal layers in primates is only dependent in neurogenic divisions of outer RG cells leading to a disproportionate expansion of supragranular cortex relative to infragranular cortex (Nowakowski et al., 2016).

Although these theories based on genetics or biomechanical forces into the determination of cortical folding appear to build upon contrasting ideas, a combination of early events determined by molecular genetic programs that set the cellular composition of the cortex and later events determined by the regional varying mechanical forces seem to better explain the appearance of gyri and sulci in the brain cortex of mammals.

Certainly, the impressive amount of knowledge that has accumulated in the last years related to mechanisms underlying cortical folding has shed light on the evolution of this salient characteristic unique to mammals. In fact, there is clear evidence that the most recent ancestor to all mammals already exhibited a gyrencephalic brain (O'Leary et al., 2013; Lewitus et al., 2014). Thus, it is possible to speculate that in the ancestor of all extant mammalian lineages there were already molecular mechanisms that make it possible to generate a gyrencephalic brain.

Definitely the availability of more comparative studies among vertebrates and new advances in technologies promise to render a better understanding of the evolution of this complex mammalian feature. Moreover, as it will be discussed below, several hominoid-specific genes have been recently linked to the regulation of cortical folding in humans.



Interneurons Origin, Development, and Evolution

As mentioned before, during development the neocortex is populated by two main groups of neurons: excitatory projection neurons and inhibitory interneurons, that are mainly generated outside the cortex. In fact, inhibitory interneurons that mainly express GABA are originated in the medial and caudal ganglionic eminences and in the preoptic area and then migrate first tangentially in two streams over long distances into the cerebral cortex and then radially inside the cortex in order to become integrated into the various cortical layers (Buchsbaum and Cappello, 2019). The tangential migration of interneurons is regulated by multiple factors and although a deep review of them is not within the reach of this review, I will briefly mention some of the key factors involved in this important process of neocortical development. Excellent recent reviews on the matter are available (Faux et al., 2012; Hu et al., 2017; Lim et al., 2018). It has been shown that connexin 43 and Sox6 play important roles in the switch between tangential migration and radial migration (Azim et al., 2009; Batista-Brito et al., 2009; Elias et al., 2010). Another important factor controlling the correct path of migrating interneurons is the CXCL12/CXCR signaling pathway that seem to play a dual role, first attracting interneurons to the neocortex and then guiding their tangential migration until the correct radial signal is received (Faux et al., 2012). Once in the cortex, radial migration and lamination seem to be influenced by cues provided by pyramidal cells. Thus, neuregulin 3 (Nrg3) expressed by pyramidal cells, facilitates the dispersion of cortical interneurons in the laminar dimension of the cortex (Bartolini et al., 2017). The correct lamination of interneurons in the CP is controlled by intrinsic and extrinsic factors. Among the extrinsic factors, reelin seems to also play a role in the layering of these neurons since abnormal lamination has been observed when reelin signaling is disrupted (Hevner et al., 2004; Hammond et al., 2006; Pla et al., 2006; Yabut et al., 2007). However, it is not clear if it is due to reelin signaling (Hammond et al., 2006) or to the location of pyramidal neurons (Pla et al., 2006). Among the intrinsic factors it has been suggested that the time of generation, the site of origin and also the cell-intrinsic genetic programs that they display influence not only on the final destination of interneurons in the cortex but also on the type of inhibitory cell that they become. Regarding the site of origin it has been suggested that interneurons arising from a common progenitor preferentially form clusters in the cortex (Brown et al., 2011; Ciceri et al., 2013) but this view has been recently challenged (Mayer et al., 2015). On the other hand, using single-cells transcriptome analyses, Mi et al. (2018) showed that shortly after the interneurons become postmitotic in their site of origin, their diversity is already evident due to the distinctive transcriptional programs that they display, and this transcriptional signature underlies their final differentiation in the developing cortex. Tangential migration by inhibitory interneurons from the subpallium to the pallium is a process highly conserved among vertebrates. There is evidence that suggests that the migratory pathways of neocortical GABAergic interneurons are mainly conserved among mammals (Tanaka and Nakajima, 2012). However, the site of origin may differ among species, because interneurons appear to be generated within the neocortex in addition to the ganglionic eminences in cynomolgus monkeys and humans (Letinic et al., 2002; Petanjek et al., 2009; Hansen et al., 2010; Jakovcevski et al., 2011; Yu and Zecevic, 2011). However, we are still far from understanding lineage-specific differences among mammals and vertebrates that can illuminate our knowledge about the complex mechanisms underlying interneurons development and evolution.




GENETICS CHANGES UNDERLYING THE EVOLUTION OF MAMMALS


Birth of Mammals From a Genetics Perspective

I will review in the following sections the genetic changes that could have led to the appearance of the neocortex in mammals. However, beyond the comparative studies analyzing particular gene functions in mammals and other tetrapods it is important to note at this point that the study of genome-wide changes in the lineage leading to mammals that could underlie the emergence of mammals is still in its infancy.

In this regard, it has been found that in the lineage leading to Eutherian mammals 357 novel ancestral placental genes appeared de novo through different mechanisms including gene duplication and divergence (Dunwell et al., 2017). Of these, 41 novel genes are expressed in the brain suggesting that the emergence of new genes has contributed to the evolution of the mammalian brain. Focusing on particular groups of genes, Niimura and Nei (2005) found a striking expansion of a particular group of olfactory receptor genes in mammals suggesting that this type of genes contributed to particular characteristics of this group of vertebrates. Although duplication and divergence of existing genes are two widespread mechanisms for the appearance of new genes, the emergence of genes completely de novo has been shown to play an important role in the evolution of mammals. In fact, it has been found that several key mammalian genes have originated de novo from non-coding sequences (Luis Villanueva-Cañas et al., 2017).

Furthermore, another mechanism of de novo origin of functional sequences, involves transposable elements. In this regard, it has been demonstrated that some particular families of transposable elements have been the origin of gene regulatory sequences that control the expression of pre-existing genes in the mammalian lineage (Santangelo et al., 2007; Sasaki et al., 2008; Franchini et al., 2011). Alongside, comparative genomics analyses have allowed to detect not only coding but also non-coding regions that evolved a higher rate in the therian mammalian lineage (Holloway et al., 2016). Actually, 4,797 accelerated regions, principally non-coding have been identified and it has been proved that several of them behave as transcriptional enhancers that gained function in mammals compared to the orthologous region in non-mammalian vertebrates. Altogether, these data suggest that mammals underwent extensive remodeling of their genome that led to the acquisition of novel genes and novel expression patterns that probably underlie the evolution of morphological and functional novelties that characterize them. However, since no specific genes or regulatory regions have been identified so far related to the acquisition of the six-layered neocortex, more bioinformatics and functional studies will be necessary to identify which genes underlie the evolution of this mammalian novelty.



Genetic Pathways Underlying Mammalian Brain Development and Evolution

To start unraveling the history of the genetic pathways that could underlie the evolution of the mammalian neocortex we need first to understand some of the genetic mechanisms that are in place during neocortex development. Thus, I will present in this section evidence from comparative studies that can help us to understand how changes in genetic mechanisms could have determined the evolution of the six-layered mammalian neocortex. There are several genetic pathways that are responsible for the development of the neocortex in mammals (Table 1). These pathways participate in the three different processes that are key during cortex development: neurogenesis, neural migration, and maturation.


Table 1. Signaling pathways involved in brain development and evolution.
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Wnt/b-Catenin Signaling Pathway

The canonical Wnt signaling pathway plays a key role during brain development (Harrison-Uy and Pleasure, 2012). Wnt proteins act on target cells through the binding to a receptor complex [Frizzled (Fz)/low density lipoprotein (LDL) receptor-related protein (LRP)] that is located at the cell surface of apical progenitors in the developing cortex. Ligand binding induces stabilization of the cytoplasmic b-catenin, which levels are regularly kept low as a consequence of the degradation triggered by its phosphorylation mediated by GSK3b (Logan and Nusse, 2004). Thus, when a cell receives Wnt, this signals triggers the inhibition of the degradation pathway, and as a consequence β-catenin is stabilized and translocates into the nucleus to associate to TCF/LEF transcription factors, which trigger the transcription of downstream effectors (Logan and Nusse, 2004). It has been shown that transgenic mice expressing a stabilized form of beta-catenin in neural precursors develop enlarged brains and display an increase in cerebral cortical surface area and the appearance of folds mirroring sulci and gyri (Chenn and Walsh, 2002). However, it has been lately argued that the folding observed in this mouse model do not represent authentic gyrencephaly that normally affects only the pial surface but not the ventricular surface, whereas the folding observed by Chenn and Walsh affected both, the pial and the ventricular surface (Borrell, 2018).



Fibroblast Growth Factor Signaling

Fibroblast growth factor (FGF) ligands constitute a family of peptides that act both intracellularly and through secretion into the extracellular space. There have been described 22 FGFs so far and at least 13 have been shown to be expressed in the CNS throughout development (Fgf1,2, 3,7,8, 9,10,13,15,16,17,18,22) in particular areas of the neuroepithelium (Agirman et al., 2017). FGF ligands bind to their receptor FGFRs that are located in the cell membrane. So far four receptors have been described and three of them, FGFR1, FGFR2, and FGFR3 are expressed in the developing brain. It is now known that FGF signaling is critical for the regulation of neurogenesis in the developing cortex. In fact, it has been shown that the deletion of the Fgf2 gene decreased the number of glutamatergic excitatory neurons resulting in a reduced anterior neocortex (Raballo et al., 2000; Korada et al., 2002). In addition, it has been shown that mice with impaired Fgf8 gene expression display reduced proliferation and increased levels of apoptotic cells in the developing telencephalon (Fukuchi-Shimogori and Grove, 2001; Garel et al., 2003; Storm et al., 2006). It has been suggested that FGF signaling is key to the expansion of the SVZ. In fact, it has been reported that increased FGF signaling expands the generation of IPs without affecting bRGCs and leads to gyri formation in the rostrolateral developing forebrain (Rash et al., 2013). In addition, it has been shown that Erk-FGF signaling is more important in human RGCs compared to mouse RGCs since increasing Erk-FGF signaling in mice leads to the generation of bRGCs population without inducing folding in the neocortex (Heng et al., 2017). On the other hand, it has been revealed that increasing FGFs signaling into the ferret cerebral cortex through in utero electroporation, leds to an increase in the number of undulating folds, suggesting that an excess of FGF signaling is sufficient to induce the appearance of additional cortical folds (Masuda et al., 2015). Moreover, suppression of FGF signaling completely through the use of a dominant negative form of one of the FGF receptors, impairs cortical folding in the ferret showing that FGF signaling is required for cortical folding (Matsumoto et al., 2017). In addition, blocking FGF signaling reduces the proliferation of oSVZ progenitors. This evidence indicates that FGF signaling is critical for cortical folding in gyrencephalic mammals and is a key upstream regulator of the production of oSVZ progenitors (Matsumoto et al., 2017).



Bone Morphogenetic Proteins

Bone morphogenetic proteins (BMPs) are constituents of the transforming growth factor β (TGF-β) superfamily (Derynck and Zhang, 2003; Shi and Massagué, 2003; Miyazono et al., 2010). BMPs bind to heterotetrameric complexes that consist of pair type I/II receptors and co-receptors and activation of these complexes results in the phosphorylation of particular cytoplasmic SMAD proteins that translocate to the nucleus to initiate transcriptional activity (Bond et al., 2012). BMP2, 4, 5, 6, and 7 are secreted by the cortical hem and interact with Wnts to induce the dorsomedial patterning of the telencephalon (Bond et al., 2012). BMP2 and BMP4 are the main participants of the BMP signaling in the developing cortex (Shakèd et al., 2008). Previous studies reported that BMP signaling promotes the neuronal differentiation of RGCs (Li et al., 1998). In addition, more recently it has been shown that the null mutation of the Foxg1 gene generates hypoplasia of the mouse telencephalon and loss of ventral telencephalic structures (Martynoga et al., 2005). In these mice it is observed that excess neurons are produced leading to the depletion of the progenitor pool and constraining the growth of the telencephalon. These effects are mediated by the regulation of FGF and BMP signaling pathways (Martynoga et al., 2005). Although the key role of this signaling pathway is noticeable, a lack of comparative studies among mammals and other non-mammalian vertebrates prevent us from driving conclusions about the importance of this pathway in the evolution of the mammalian neocortex.



Sonic Hedgehog

Sonic hedgehog (Shh) is a diffusible secreted protein that belongs to the hedgehog family composed by two other members: Indian hedgehog (Ihh), and Desert hedgehog (Dhh) (Echelard et al., 1993; Roelink et al., 1994). In the developing forebrain, Shh is mostly secreted from the ventral telencephalon into the cerebro-spinal fluid (Ericson et al., 1995). In addition, it is also produced by Cajal-Retzius cells in the marginal zone (MZ) of the cerebral cortex, by the choroid plexus and by the interneurons that migrated to the cortical plate (Komada et al., 2008; Huang et al., 2010). Shh mediates its action via a receptor complex composed of two transmembrane proteins: Patched (Ptch1) and Smoothened (Smo) (Corbit et al., 2005; Rohatgi et al., 2007). Smo is a G-coupled protein that activates a complex signaling pathways that includes the activation of the Gli family (Gli1, Gli2, and Gli3) of transcription factors (Sasaki et al., 1999) that in turn activated among others the transcription factor Nkx2.1 that is required for the proper specification of specific interneuron subtypes (Butt et al., 2008). Besides, ectopic activation of Shh signaling in neocortical progenitors increase expression of FGF15, leading to the activation of FGF and MAPK signaling pathways and triggers the expression of ventral forebrain progenitors typical genes (Yabut et al., 2020). In the ventral telencephalon, Shh signaling plays a key function in the production of GABAergic interneurons, which later colonize the cortical plate by tangential migration (Fuccillo et al., 2004; Xu Q. et al., 2010; Baudoin et al., 2012). In contrast, a more limited Shh signaling has been described in the developing cortex where its function is still poorly understood. However, it has been recently shown that the constitutively activation of Shh signaling in mice increased the number of bRGCs and IPCs and induced folding in the lissencephalic mouse neocortex, whereas the loss of Shh signaling reduced the number of bRGs and IPCs and neocortical size (Wang et al., 2016). In addition, it has been found that SHH signaling was greatly active in the human fetal neocortex whereas in the mouse embryonic neocortex Shh signaling displayed a reduced activity. Moreover, blocking SHH signaling in human cerebral organoids decreased the number of bRGs. These findings led the authors to propose that the strong SHH signaling observed in the human fetal neocortex may have contributed to bRGC and IPs expansion leading to neocortical growth and folding (Wang et al., 2016).

It has been reported that the molecular evolution of the gene SHH is dramatically accelerated in primates relative to other mammals. Within primates, the acceleration is most noticeable in the lineage leading to humans (Dorus et al., 2006). These results suggest that SHH underwent molecular changes under positive selection in the lineage leading to humans and this is interesting considering that the loss of one functional copy of SHH in humans leads to serious neurological and craniofacial developmental problems (Nanni et al., 1999) whereas the loss of one copy of SHH in mice does not induce appreciable developmental abnormalities (Chiang et al., 1999).



Notch Signaling

Notch receptors are transmembrane proteins composed of an extracellular EGF-like domain that bind ligands and an intracellular domain that after a series of modifications translocates into the nucleus. In fact, ligand binding triggers enzymatic events that result in cleavage of the intracellular domain that carries nuclear localization signals that guide it into the nucleus (Stifani et al., 1992; Schroeter et al., 1998; Struhl and Adachi, 1998). There are five Notch receptors and five canonical ligands belonging to the Jagged (Jag1 and Jag2) or Delta-like (Dll1, Dll2, Dll4) families (Zhang et al., 2018). In the developing cortex, the Notch signaling pathway is critical in regulating cortical neurogenesis. RGCs express Notch1 and Notch3 receptors and the ligands are expressed by neighboring neurons or IPs. After the ligand binds the Notch receptor, it experiences two successive cleavages, the first one is driven by the disintegrin/metalloprotease ADAM10 and the second one is performed by the γ-secretase and results in the release of the extracellular domain and the Notch intracellular domain (NICD). Then, NICD translocates to the nucleus and binds to CBF1 or Rbpj co-factor to trigger the transcription of many genes, including the Hairy enhancer of split (Hes) genes. Hes are transcription factors of the basic-helix-loop-helix (bHLH) family that repress the expression of proneural genes such as such as Mash1, Ngn2, and Math1, and ensure that RGCs preserve stemness (long-lasting progenitor potential) (Kageyama et al., 2008).

Comparative studies using a reptile model species (gecko), chicken and mouse have shown that Notch signaling is activated at different stages and in a species-specific manner in the developing cortex (Nomura et al., 2013a). In fact, using a Notch responsive reporter vector the authors show that geckos exhibit higher Notch activity particularly at later embryonic stages compared to mouse and chicken (Nomura et al., 2013a). These results suggest that the spatio-temporal regulation of Notch signaling in neural stem/progenitor cells could constitute the molecular mechanism underlying the inter-species differences observed in pallial neurogenic rates. These findings led the authors to hypothesize that changes in the regulation of neural stem/progenitor cells, including Notch signaling activation mechanisms, arose independently in the ancestors of mammals and archosaurs (Nomura et al., 2013a). Then, additional changes in the proliferation of apical progenitors and the emergence of basal progenitors might have contributed to the expansion of neurogenesis that characterizes the cerebrum of birds and mammals (Nomura et al., 2013a). Of note, it is important to mention that the Notch pathway underwent also species-specific changes in the human lineage (see below) supporting this hypothesis that pinpoint to the Notch pathway as a key player in the evolution of the neocortex in different non-mammalian and mammalian lineages.



Robo-Slit Signaling

The Roundabout (Robo) family of receptors together with their ligands, the Slit proteins, are abundantly expressed in the developing forebrain and play critical roles in the generation and migration of cortical interneurons (Andrews et al., 2006; Hernandez-Miranda et al., 2011) and also pyramidal neurons (Yeh et al., 2014). It has also been shown that Robo1 and Robo 4 play a role in radial migration of pyramidal neurons (Zheng et al., 2012; Gonda et al., 2013).

It has been recently shown that Robo1/Robo2 signaling plays a differential role between direct and indirect neurogenesis in the olfactory bulb (OB) vs. neocortical areas in mice (Cárdenas et al., 2018). Whereas, grows at a faster rate than the neocortex and this fast neurogenesis is due to higher direct neurogenesis in the OB. Double mutants for Robo1/Robo2 displayed impaired grow and development in the OB as a consequence of deficit in neurogenesis. Moreover, Slit1/2 double mutants showed the same defects observed in Robo1/2 mutants indicating that these are the receptors involved in neurogenesis in the OB. In order to understand which other pathways could be interacting with Robo-Slit signaling to control direct and indirect neurogenesis balance authors tested the Notch ligand Dll1 because it is expressed in a differential manner in the OB and the neocortex, showing lower levels in OB and higher in the neocortex. The authors found that Dll1 levels in the OB are increased in Robo1/2 mutants suggesting that Dll1 expression in the OB is downstream of Robo-Slit signaling. However, CRISPR/Cas9-mediated impairment of Dll1 expression did not affect direct neurogenesis. Only the combination of overexpression of active forms of Robo1/Robo2 and reduction of Dll1 expression led to increased direct neurogenesis in the neocortex. These authors show that in the chicken dorsal cortex a Robo1/2 signaling also plays a role in maintaining the balance between direct and indirect neurogenesis. In the African house snake they found that the only mode of division in the dorsal cortex is direct neurogenesis and that manipulation of Robo signaling and Dll1 levels led to reduced direct neurogenesis. These results led the authors to propose that an attenuation of Robo signaling in the neocortex during mammalian evolution led to the emergence of cortical basal progenitors and the SVZ and the blockade of direct neurogenesis. The authors also hypothesize that these changes combined allowed the expansion and complexification of the mammalian cerebral cortex (Cárdenas et al., 2018). Although the hypothesis is tempting the genetic mechanisms that led to a decrease in Robo1/2 expression in the mammalian neocortex need to be uncovered.



Reelin-Mediated Signaling Pathways

A striking difference between mammalian and sauropsids is the development of Cajal-Retzius (CR) cells (Figure 2). These cells are a special kind of neuron that is generated in the VZ located in the limit between dorsal and ventral telencephalon and also in the cortical hem. CR cells are the most significant source of reelin, an extracellular matrix glycoprotein essential for cortical development. CR cells migrate from their places of origin to the Marginal Zone (MZ) and through the secretion of Reelin they control radial migration and laminar positioning of pyramidal neurons of the cortical plate (Meyer, 2010). It has been shown that a mice mutant for the expression of reelin (reeler mouse) (for a review on this mutant see D'Arcangelo, 2005) displays a disorganized pattern of migration of neurons that result in an inverse layering of the cortex (reviewed by Aboitiz et al., 2002). Sauropsids like turtles, crocodiles, lizards and birds display scarce Reelin expressing cells in the telencephalic marginal zone during cortex development (Bernier et al., 1999, 2000; Goffinet et al., 1999; Bar et al., 2000; Tissir et al., 2003). This reduced Reelin expression apparently results from the lack of CR cells originated from the cortical hem or ventral pallium (Bielle et al., 2005; Cabrera-Socorro et al., 2007). It has been shown that the increase of Reelin expressing cells in the avian dorsal cortex through experimental manipulation modifies the RGC fibers organization and the patterns of neuronal migration, suggesting that the increase of Reelin signaling was a key step in the evolution of the mammalian neocortex (Nomura et al., 2008, 2009).



Transcription Factors and Transcriptional Regulation

In addition to the signaling pathways mentioned above, it has been shown that a plethora of transcription factors play key roles into the regionalization of the cortex and then in the proliferation, differentiation and migration of cells. In fact, several transcription factors that are expressed in graded antero-posterior and ventral-dorsal patterns influence the differentiation of functional regions of the cortex. For instance loss of function studies have shown that CoupTF1, Emx2, Lef1, Lhx2, Pax6, and Sp8 control the correct patterning of the cortex (Ypsilanti and Rubenstein, 2016). In addition, several transcription factors such as Tbr1, Tbr2, Pax6, Emx1, Emx2, Fezf2, Ngn1, Ngn2, and Satb2, that control the differentiation of glutamatergic neurons have been described (Lai et al., 2013; Ypsilanti and Rubenstein, 2016). Several recent reviews have analyzed in-depth the role of transcription factors in the development of the mammalian cortex, thus here I will only mention some salient examples of key TF controlling cortical development. For instance, Tbr1 and Tbr2 are transcription factors of the T-box family that play a key role in the proliferation and differentiation of glutamatergic neurons. For instance, Tbr2 controls the expression of hundreds of direct target genes and in this way influences the proliferation and differentiation of IPs in the developing cortex (Hevner, 2019). Another key transcription factor is Pax6 that controls patterning, migration, differentiation and neurogenesis in the cortex. The role of this TF in the development of the neocortex has been extensively reviewed elsewhere (Ypsilanti and Rubenstein, 2016). Regarding the development of GABAergic interneurons, several key transcription factors such as Dlx2, Dlx2, and Nkx2.1 have been reported. These TFs regulate the expression of many important genes and are master controllers of subpallial generation of interneurons (Nord et al., 2015). Regarding the role of TFs in the evolution of the neocortex, a few studies have explored this matter. A study analyzing comparatively TF networks in primates concluded that these pathways have been modified in a lineage-specific manner in the prefrontal cortex, suggesting that this could be a more widespread mechanism of brain evolution (Berto and Nowick, 2018). Although our understanding of the role of TFs in cortical development and evolution is still incomplete, the emergence of RNA-seq and epigenetic analysis techniques combined with the use of mutant mouse pedigrees is allowing us to understand better the gene regulatory pathways that are altered when a particular TF is absent. These techniques are also being used in non-mammalian vertebrates to analyze cortical development. In this way, we will soon have a better picture of the gene regulatory networks controlling cortex development in mammals and how these networks evolved in vertebrates to render the evolution of the six-layered neocortex.





MAMMALS, BRAINS DIVERSITY AND THE EXPLOSION OF BEHAVIORAL COMPLEXITY


The Diversity of Mammalian Brains

Mammals display a high diversity of brains and in the same mammalian order is frequent to find lissencephalic and gyrencephalic species (Figure 1). One interesting question is: which differences in developmental mechanisms in the neocortex underlie the cortical expansion observed in some mammals? As mentioned before, comparative studies among some model mammalian species are helping us to understand which cellular and molecular changes observed in the SVZ are correlated with changes in neural number and neural complexity. In the section below, I analyze current knowledge about the brains of different mammalian lineages that display the largest expansion of the neocortex.



Big Brained Mammals: Elephants, Cetaceans, and Primates

There are three lineages among placental mammals that display greatly enlarged brains: proboscidea that group elephants, cetaceans that assemble dolphins and whales and primates that include prosimians, monkeys, great apes and humans (Figures 1, 3).
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FIGURE 3. Phylogenetic tree of primates and related mammalian orders. On the top row representative brains of the different groups that composed the Euarchontoglires clade are shown. Primate groups and approximate times of divergence are indicated on the tree. The arrows indicated moments in history where brain volume has increased in the Anthropoid lineage according to Goodman (1999). Brain pictures are approximately at scale and are from the Comparative Mammalian Brain Collection (http://neurosciencelibrary.org) from the University of Wisconsin and Michigan State Comparative Mammalian Brain Collections, as well as from those at the National Museum of Health and Medicine funded by the National Science Foundation, as well as by the National Institutes of Health.



Elephants

Elephants carry the largest brains of all terrestrial animals, and display the greatest cerebral cortex (Hart and Hart, 2007). Although elephants are capable of high order brain functions such as long-term memory, they are less able than Hominids like the chimpanzee in mirror self recognition or tool use. It has been recently found that the African elephant (Loxodonta africana) brain, which is about three times larger than the human brain contains 257 billion neurons, three times more neurons than the human brain but, the majority of these neurons (97.5%) are located in the cerebellum. On the other hand, the cerebral cortex which has twice the volume of the human cortex carry 5.6 billion neurons which represents one third of the neurons found in the human cerebral cortex (Herculano-Houzel et al., 2014).



Cetaceans

Cetaceans are a group of mammals that share a common ancestor with Artiodactyla and that conquered aquatic environments ~60 mya (Thewissen et al., 2001). Today members of this order inhabit oceans and rivers, they are mainly predators and are characterized by long living periods, a dedicated offspring care system and a complex social organization (Marino, 2007, book). In addition, this group is distinguished by big brains, behavioral complexity and salient cognitive capacities (Marino, 2007; Marino et al., 2007). The brains of cetaceans are very large in both absolute and relative size and possess encephalization quotients (EQ) that are second only to humans (Marino, 1998). Actually, the largest brain on earth belongs to the sperm whale which can reach up to 8,000 cubic centimeters. Some cetaceans evidence some of the most sophisticated cognitive abilities among all mammals and show impressive convergence in terms of cognition with primates, including humans. In fact, cetaceans display complex social behavior such as alliances (Connor, 2007) and cultural transmission of information including hunting techniques (Allen et al., 2013). In addition, they show elaborated communication systems that include complex vocalizations and mimicry (Ridgway et al., 2012; Sayigh, 2014). It has been suggested that in cetaceans, brain size predicts the magnitude of social and cultural behaviors observed in this group of aquatic mammals (Fox et al., 2017). The brains of modern cetaceans are different in several aspects to other mammalian brains and also to their mammalian ancestors. Their brains are characterized by a great expansion of the cerebral hemispheres and auditory structures, and reduction of olfactory areas (Marino et al., 2007). The neocortex of cetaceans is characterized by lacking layer IV, so in contrast to other mammals instead of having six well-defined layers, cetaceans possess five layers. This change has important implications for the distribution of afferent connections to the neocortex (Marino et al., 2007). In addition, it has been shown that the frontal lobe is reduced in cetacean brains in clear contrast to the enlargement of this region in primates (Morgane et al., 1980). It has been recently shown that cetaceans display in their cortices Von Economo neurons (Hof and Van Der Gucht, 2007; Butti et al., 2009). This type of neurons have been also described in humans, great apes (Allman et al., 2005, 2010) and elephants (Hakeem et al., 2009) and have been associated with certain aspects of higher cognitive abilities in humans such as social and emotional cognition, awareness, and intuition (Allman et al., 2005). It has been suggested that Von Economo have appeared convergently in phylogenetically unrelated groups of mammals like cetacean, hominids and elephants possibly under similar selective pressures that targeted specifically the evolution of cortical regions involved in complex cognitive and social-emotional capacities (Butti et al., 2009).

However, the lack of comparative gene expression studies in cetaceans and elephants prevents us from making any analyses about the gene and genetic pathways that could be involved in the evolution of the complex and marvelous elephant and cetaceans brains.



Primates

Primates emerged around 80–60 mya and then diversified in several groups that today are represented by more than 300 species (Figure 3). Primates have adapted to varied environments and ways of living and their brains show not only differences in size but also adaptations to different survival strategies. Primates display unique anatomical aspects compared to other mammals (Preuss, 2007; Kaas, 2013) and they also show differences in the way neurons and non-neuronal cells are packed in their brains (Herculano-Houzel et al., 2007). In addition, the neocortex in primates display much more functional areas subdivisions than non-primates. Thanks to the detailed analyses of prosimians (Strepsirrhine) it has been found that primates possess several cortical areas that are different compared to non-primates. One of the most distinctive characteristics of primates is their visual system, beyond the evolution of trichromatic vision that probably occurred in the Anthropoid lineage, it is also noticeable the frontal location of eyes which modified how information travels to the brain (Striedter, 2005). In the cortex, the primary visual area V1 is shared with all mammals but in primates it has specializations regarding connections and layering compared to non-primate mammals (Preuss, 2007). In addition, this primary visual cortex has two different processing modules and are dedicated to processing color information and orientation of the stimulus (Preuss et al., 1999; Kaas, 2012a). Besides, two other visual areas in the cortex (V2 and V3) also process visual information and show specializations in primates (Kaas, 2012b, 2013). Particularly it has been postulated that V3 is unique to primates and that a similar area that has been found in carnivores evolved independently (Kaas, 2012b). Comparisons between primate and non-primate brains indicate that the motor system is more complex and displays a higher number of premotor areas (9 or more) than non-primates that only have two to four (Wu et al., 2000). It has been shown that primates have a ventral premotor area that is involved in arm and mouth movements and that could be related to increased dexterity in primates (revised in Striedter, 2005). In addition, in primates it has been observed an increase in the number of somatosensory areas of the cortex that seem to be involved in touch sensitive fingertips and movement control (revised in Preuss, 2007).

As well, primates show a great development of an area located in the frontal lobe that has been related to higher order cognitive abilities such as decision making: the prefrontal cortex (Figure 4). Even though non-primate mammals do have a prefrontal cortex it seems to be composed of only two regions whereas primates display three regions: the orbital prefrontal region, anterior cingulate or medial region (these two are present in non-primate mammals) and the dorsolateral or granular prefrontal cortex which seems to be unique to primates (Preuss, 1995, 2007; Striedter, 2005). Although there is some controversy about the dorsolateral prefrontal cortex being a primate innovation (Preuss, 2007) it is clear that this area is related to complex and flexible behaviors that are impaired when this area is damaged (Striedter, 2005).
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FIGURE 4. Prefrontal cortex in primates. Pictures of representative primate groups and the rat show the approximate location of the lateral Prefrontal Cortex (lPFC). Brain pictures are approximately at scale and are from the Comparative Mammalian Brain Collection (http://neurosciencelibrary.org) from the from the University of Wisconsin and Michigan State Comparative Mammalian Brain Collections, as well as from those at the National Museum of Health and Medicine funded by the National Science Foundation, as well as by the National Institutes of Health.


Among primates, Apes displays a great enlargement of brain size and also a complex behavioral repertoire. Apes include the lesser apes with gibbons and siamangs and the great apes that include us, gorillas, chimpanzees, bonobos and orangutans. Compared to other primates, apes and humans (Hominoids) display larger brains, longer developmental periods, high energy requirements, lower reproductive rates and longer periods of parental care (Kaas, 2007, 2008, 2013).

Besides, it has been shown that the prefrontal cortex areas enlarged and became specialized during hominid evolution (Semendeferi et al., 2001). More recently it has been reported that human and great ape brain evolution is defined by the non-allometrically derived changes in cortical organization that include the extraordinary expansion of the prefrontal cortex (Smaers et al., 2017). It has been postulated that these changes in the prefrontal cortex underlies the increase in executive functions that characterize great apes and particularly humans and that are operated through this cortical region (Smaers et al., 2017).





THE HUMAN BRAIN


Genetic Basis Underlying the Evolution of the Human Brain

The human brain is a typical mammalian brain since it displays the six-layered neocortex with a well-developed SVZ. It has also the typical features of a primate brain such as a remarkably large neocortex including a large visual cortex and a lateral prefrontal cortex (Striedter, 2005; Preuss, 2007; Kaas, 2013). In spite of these overall similarities, our brain has a number of features that make it unique. In fact, the development and anatomy of our brain differentiate in various critical aspects from those of other primates. For instance, the human brain has the largest number of neurons of any primate since it carries ~86 billion (Azevedo and Carvalho, 2009) compared with an estimated number of neurons in chimpanzee and gorilla brains of 28 and 33 billion neurons, respectively (Herculano-Houzel and Kaas, 2011). However, as described above, the human brain is not the largest on Earth, being eclipsed by the giant brains of elephants and cetaceans (Roth and Dicke, 2005; Hart and Hart, 2007; Marino, 2007). It has been calculated that 20.9% of all neurons in the human brain are located in the cortex, which is more than 10% greater than the proportion of cortical neurons in any other mammal (Herculano-Houzel, 2012). Although it is hotly debated whether our neocortex is particularly unique compared to chimpanzee (Barton and Venditti, 2013a,b; Smaers, 2013; Smaers et al., 2017), it is clear that the human cortex contains the most neurons (16/18 billion) and is proportionally the largest (84% of the entire brain mass) of any mammal (Herculano-Houzel, 2009, 2012; Herculano-Houzel et al., 2014).

Besides displaying the largest numbers of neurons the human brain is unique in several other aspects. In fact, post-mortem studies showed that our brain displays distinctive features in terms of cellular and histological organization of the cerebral cortex (Sherwood et al., 2008; Preuss, 2010; Miller et al., 2012). In addition, the use of diffusion-tensor imaging, a non-invasive brain imaging technique, allowed to study comparatively long-range interactions in the cortices of human, macaque and chimpanzee brains and revealed outstanding differences in cortical connections (Rilling et al., 2008).

However, in order to disentangle the evolution of humans' higher order cognitive abilities, such as abstract thinking, long term planning and an exceptional capacity to generate a complex language, we need first to address two challenging questions. The first is how to associate human cognition to particular neuroanatomical differences including brain size, number of neurons and a highly developed cortex. For instance, the neurobiological bases underlying our capacity to produce and elaborate language are not comprehensively understood, because surprisingly the essential areas controlling language in our brain are also present in chimpanzees (Cantalupo and Hopkins, 2001; Taglialatela et al., 2008). The second question is: how to link DNA changes to uniquely human neurobiology? (Figure 5). However, in the last two decades some progress has been made toward understanding the genetics underlying one of the most distinctive human cognitive traits: our spoken language (Vallender et al., 2008; Scharff and Petri, 2011; Preuss, 2012; Fisher, 2019). Nevertheless, we still know very little about how these genetic differences impact into molecular, cellular and anatomical mechanisms to shape the distinctive features of the human brain. Several attempts have been carried out to identify the genetic differences that could underlie the evolution of the human brain and many human-specific DNA sequences have been identified (Figure 5). After the sequencing of the human genome (Lander et al., 2001; International Human Genome Sequencing Consortium, 2004) as well as countless other mammalian genomes, including those of the macaque and the chimpanzee (Chimpanzee Sequencing Analysis Consortium, 2005; Rhesus Macaque Genome Sequencing Analysis Consortium et al., 2007), we have the availability of numerous genome-wide catalogs of human-specific genome changes that include genes that underwent positive selection in humans, genes displaying human-specific differences in splicing, chromosome segmental duplications that resulted in the appearance of new human genes and evolutionarily conserved non-coding sequences carrying human-specific mutations (reviewed in Sikela, 2006; Vallender et al., 2008; O'Bleness et al., 2012; Hubisz and Pollard, 2014; Bae et al., 2015; Silver, 2016; Franchini and Pollard, 2017; Sousa et al., 2017). The challenge that scientists of this century face is to connect human-specific genetic differences to unique human traits.
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FIGURE 5. Genetic changes underlying human nervous system evolution. A schematic phylogenetic tree shows the relationships among macaque, chimpanzee and human. Above that brain pictures show a detail of the size differences among these three primate species. Brains are shown at scale. On top of that, brain coronal sections at the forebrain level show anatomic differences among the species. It is appreciated the great development of the gyrification in the three species. Brain pictures are approximately at scale and are from the Comparative Mammalian Brain Collection (http://neurosciencelibrary.org) from the from the University of Wisconsin and Michigan State Comparative Mammalian Brain Collections, as well as from those at the National Museum of Health and Medicine funded by the National Science Foundation, as well as by the National Institutes of Health. On the lineage leading to humans some salient genetic changes that have been uncovered in the last years are indicated. PE, positively selected genes; DG, duplicated genes.



Gene Duplication and Gene Loss

The discovery of human-specific genomic variants began prior to genome sequencing. In fact, the use of chromatin-stained banding techniques allowed identification of the fusion of two ancestral hominid chromosomes that gave rise to human chromosome 2 and pericentric inversions on chromosomes 1 and 18. In addition, this technique uncovered the existence of human-specific constitutive heterochromatin C bands on chromosomes 1, 9, 16, and Y (Yunis and Prakash, 1982). Large genomic deletions, duplications, and rearrangements are relatively rare, but due to their size, that could usually be thousands of base pairs, they frequently encompass many developmental loci and have a large impact on gene and phenotype evolution (Girirajan et al., 2011, 2013; Coe et al., 2014). Thanks to the use of techniques such as fluorescent in situ hybridization (FISH) and comparative genomic hybridization (CGH) arrays it has been possible to identify more than 60 human-specific segmental duplications (Jauch et al., 1992; Goidts et al., 2006) and 152 genes displaying copy number variation (Fortna et al., 2004; Armengol et al., 2010). A significant amount of these structural variants have altered gene expression inducing phenotypical changes in humans. For instance, the pericentric inversion of chromosome 1, has been linked to neurogenetic diseases in humans and contains copy number variations of several developmental genes including HYDIN (Doggett et al., 2006), SLIT-ROBO Rho GTPase-activation protein (SRGAP2) (Dennis et al., 2012), and genes containing DUF1220 domain protein such as the neuroblastoma breakpoint family (NBPF) (Fortna et al., 2004; Dumas and Sikela, 2009). Thus, two rounds of human-specific duplication of the locus created four copies of the gene SRGAP2: SRGAP2A, SRGAP2B, SRGAP2C, and SRGAP2D (Dennis et al., 2012). In addition, it has been shown that SRGAP2C is expressed throughout and development and in the adult human brain (Charrier et al., 2012). It was also found that SRGAP2C dimerizes with the ancestral SARGAP2A and inhibits its function. It had been previously shown that the ancestral copy of SRGAP2 reduces the rate of neuronal migration and leads to a lesser amount of cells in the cortical plate (Guerrier et al., 2009). On the other hand the action of SRGAP2C inhibits this process and leads to an increased rate of migration (Charrier et al., 2012). In addition, SRGAP2C retards dendritic spines maturation in neurons. These results prompted the authors to suggest that the appearance of human-specific paralos of SRGAP2 contributed to the evolution of some features of the human brain (Charrier et al., 2012).

A distinct human-specific structural variant occurred at chromosome 15q13-q14 and resulted in the duplication of several genes, including ARHGAP11B, which is a partial copy of the gene ARHGAP11A (Antonacci et al., 2014). ARHGAP11B appeared on the human evolutionary lineage after the divergence from the chimpanzee. In addition, the duplication of ARHGAP11B predates the split of our lineage with those of archaic humans since this gene is also found in Neanderthals and Denisovans. ARHGAP11B was identified as one of the exclusively expressed genes in human basal and apical radial glia compared to neurons in a transcriptomic analysis of the fetal human neocortex (Florio et al., 2015). To explore the function of ARHGAP11B in corticogenesis, Florio et al. expressed ARHGAP11B in mouse neocortex by in utero electroporation on embryonic day 13.5 (E13.5) (Florio et al., 2015). This led to an increase in basal but not apical mitoses and the expansion of Tbr2-expressing basal progenitors at E14.5. In turn, this increase in basal progenitors led to thickening of the SVZ. On the other hand, overexpression of ARHGAP11A did not increase basal progenitors. Furthermore, in half of the cases analyzed, ARHGAP11B expression induced at E13.5 resulted in neocortex folding at E18.5, in the otherwise smooth mouse neocortex. These mice showed an increase of cortical plate area in the gyrus-like structures compared with the contralateral smooth neocortex that displayed normal cortical lamination (Florio et al., 2015). In addition, it has been shown that ARHGAP11B displays a truncated GAP domain which is responsible for RhoGAP activity in ARHGAP11A (Florio et al., 2015). In fact, a single C→ G base change in exon 5 in the ARHGAP11B gene generated a novel GU-purine splice donor site that induces the deletion of 55 nucleotides through mRNA splicing leading to the GAP domain truncation and addition of a human-specific carboxy-terminal amino acid sequence (Florio et al., 2016) which is unique to ARHGAP11B since it has not been yet found in any other protein described in the animal kingdom (Florio et al., 2015). It has been hypothesized that this novel domain has a key role in basal progenitors amplification induced by ARHGAP11B (Florio et al., 2016). Regarding the function of ARHGAP11B, it has been recently shown that this protein is localized in the mitochondria in contrast to ARHGAP11A which is found in the nucleus (Namba et al., 2020). In the mitochondria, this protein interacts with the adenine nucleotide translocase (ANT) and inhibits the mitochondrial permeability transition pore (mPTP), apparently leading to an increase in calcium concentration as well as an increase in glutamine-dependent mitochondrial respiration (Namba et al., 2020). This mitochondrial metabolic pathway is key for the increase in basal progenitors mitotic levels mediated by ARHGAP11B (Namba et al., 2020).

In order to study ARHGAP11B in gyrencephalic mammals, this gene was also introduced into ferret embryos, ferrets are gyrencephalic mammals that display an expanded neocortex and constitute more suitable models to study brain evolution and development in gyrencephalic brains (Kalebic et al., 2018). This manipulation increased proliferative basal radial glia number and resulted in extension of the neurogenic period leading to increased neuron density in the upper cortical layers (Kalebic et al., 2018). More recently, the generation of genetically modified common marmosets carrying ARHGAP11B under control of the human promoter of this gene that directs its expression to the developing neocortex increased the number of basal RGCs in the oSVZ of this lissencephalic primate leading to increased numbers of upper-layer neurons and induced an enlargement of the neocortex that resulted in cortical folding (Heide et al., 2020).

In addition, the recent description of NOTCH2 human-specific paralogs suggest that progenitor proliferation and neuronal differentiation pathways have been modified in the human lineage. Two recent works found independently that the gene chromosome region where the gene NOTCH2 is located in the human genome (1q21.1) underwent a segmental duplication and as a result three human-specific paralogs appeared, NOTCH2NLA, NOTCH2NLB, NOTCH2NLC and NOTCH2NLR (Fiddes et al., 2018; Suzuki et al., 2018). It was previously shown that NOTCH2NL is differentially expressed in neural stem and progenitor cells of fetal human neocortex and when this gene is expressed through electroporation in mouse embryos it promotes an increase in basal progenitors cell cycling (Florio et al., 2018). Furthermore, it has been shown that NOTCH2NL expression in mouse and human cortical organoids downregulates neuronal differentiation genes reducing differentiation of neural progenitors and increasing the final number of neurons (Fiddes et al., 2018). In addition, it was found that the presence of NOTCH2NL can block the expression of the Notch receptor DLL1, reducing neuronal differentiation (Suzuki et al., 2018). Altogether, these findings suggest that gene duplications have probably played an important role in the evolution of human-specific developmental mechanisms underlying cortical evolution. Altogether these studies support the adaptive role of duplications in human evolution (Iskow et al., 2012), since both non-coding (Kostka et al., 2010) and coding (Hahn et al., 2007; Han et al., 2009) sequences in duplicated loci show signatures of positive selection.

Besides large duplications, human-specific duplications and deletions of DNA shorter than one kilobase are widespread and encompass approximately 3.5% of the human genome (Britten, 2002; Chimpanzee Sequencing Analysis Consortium, 2005; Varki and Altheide, 2005). These rearrangements contribute more base pairs than do individual DNA substitutions to human-chimp differences, but fewer than larger chromosomal variants. It has been shown that indels can have critical functional effects, by modifying or completely deleting conserved developmental enhancers and rendering altered human phenotypes. For instance, a polymorphic 13 base pair insertion in a sonic hedgehog ZRS limb enhancer induced preaxial polydactyly and the appearance of triphalangeal thumbs (Laurell et al., 2012). A genome-wide analysis found 510 highly conserved sequences that were lost in the human lineage. Most of these lost sequences were non-coding, and included a sensory vibrissae and penile spine enhancer for the androgen receptor gene and a transcriptional enhancer active in the SVZ of the developing cortex located near the tumor suppressor gene GADD45G (McLean et al., 2011).



Point Changes in Coding and Non-coding Sequences

The human and chimpanzee genomes accumulated since the split of these two lineages more than 30 million single nucleotide substitutions corresponding to the 1.2% of the human genome. Approximately half of these substitutions arose on the human lineage and the majority of them correspond to non-coding DNA (Chimpanzee Sequencing Analysis Consortium, 2005).


Coding Changes

According to the evolutionary theory most substitutions are nearly neutral and therefore are unlikely to have contributed to the emergence of uniquely human traits. In order to identify the genetic bases underlying functional differences in humans, research focused initially on the identification of non-synonymous changes occurred in individual protein coding sequences that may lead to the appearance of novel protein functions or the origin of human-specific gene loss of function or pseudogenes. Comparison of nonsynonymous to synonymous substitution rates allows us to identify genes evolving under positive selection. Several studies focused on studying the evolution of genes in the human lineage identified brain expressed genes evolved that faster in humans (Dorus et al., 2004; Yu et al., 2006). However, the first comparative studies of humans and chimpanzees genomes also focused on protein-coding differences and found that positive selection in humans impacted mostly on genes involved in immunity, sensory perception, and reproduction but did not find a particular evolutionary trend in brain expressed genes in the human lineage (Clark et al., 2003; Bustamante et al., 2005; Nielsen et al., 2005). Other studies used population genetic data (Racimo et al., 2014) to identify genes that underwent positive selection after modern humans split from Neanderthals and Denisovans (Meyer et al., 2012; Prüfer et al., 2014). It has been hypothesized that several developmental genes that acquired human-specific coding changes could be responsible for the emergence of human-specific phenotypic traits (reviewed in Sikela, 2006; O'Bleness et al., 2012). These genes include the forkhead transcription factor FOXP2, which is associated with speech and language (Lai et al., 2001) and displays two human-specific amino acid substitutions that may have undergone positive selection (Enard et al., 2002; Zhang et al., 2002) although this consideration has been lately disputed (Ptak et al., 2009). In fact, more recent studies using human population data indicate that the pattern of variation in the FOXP2 locus does not suggest a recent selective sweep affecting the acquired amino acids (Atkinson et al., 2018). To investigate the function of these two human-specific amino acids genetically modified mice carrying the two human-specific amino acids in the FOXP2 were generated. These FOXP2 humanized mice showed differences in cortico-basal ganglia circuits including dopamine levels, synaptic plasticity and dendrite morphology (Enard et al., 2009). The engineered mice also showed differences in ultrasonic vocalizations compared to wild type (Enard et al., 2009) but these differences do not persist in the adults (Hammerschmidt et al., 2015).

Another interesting example is WDR62, a gene that encodes a centrosome-associated protein expressed in neuronal precursors and in postmitotic neurons in the developing brain and whose absence cause microcephaly with simplified gyri and abnormal cortical architecture (Nicholas et al., 2010; Yu et al., 2010). WDR62 shows accelerated evolution in the human terminal branch displaying six hominin-specific amino acids (Pervaiz and Abbasi, 2016). Although the functional consequences of these changes are yet to be understood, it is likely that the WDR62 hominin-specific amino acids modified its function (Pervaiz and Abbasi, 2016).



Non-coding Evolution

At the time that more vertebrate genomes were sequenced, it became possible to implement models of DNA evolution to screen the entire human genome in the search for sequences that changed significantly (more than expected by chance) since divergence from chimpanzees (Pollard et al., 2006a,b; Prabhakar et al., 2006; Bird et al., 2007; Bush and Lahn, 2008). These studies mainly focused on the discovery of changes in non-coding regions that have a high probability to be functional. Thus, these investigations analyzed genomic regions that are highly conserved in non-human species (mammals or vertebrates) but changed significantly in humans. Before the appearance of epigenetic marks that help in the identification of non-coding functional elements (ENCODE Project Consortium et al., 2007; Kellis et al., 2014), using this signature of negative selection in other species helped to identify putative regulatory sequences with constrained function (Schwartz et al., 2000; Ovcharenko et al., 2004; Siepel, 2005; Prabhakar et al., 2006). These studies collectively identified over 2,500 non-coding regions defined as Human Accelerated Regions (HARs) (Capra et al., 2013; Hubisz and Pollard, 2014), most of which were likely shaped by positive selection although some of them show signatures of non-selective mechanisms such as GC-biased gene conversion (Pollard et al., 2006a; Katzman et al., 2010; Ratnakumar et al., 2010; Sumiyama and Saitou, 2011; Kostka et al., 2012). Furthermore, similar approaches have also been used to analyze regions of the human genome that changed significantly since divergence from archaic hominins (Green et al., 2010). It was found that HARs are enriched for substitutions that antecede the split from Neanderthals and Denisovans, suggesting that our genome did not evolve especially rapidly in the course of the emergence of modern humans (Burbano et al., 2012; Hubisz and Pollard, 2014). HARs have a distinctive genomic distribution since they cluster nearby regulatory genes including transcription factors expressed during development (Capra et al., 2013; Kamm et al., 2013b). These findings suggest that HAR mutations could potentially lead to the modification of developmental gene regulatory networks and thus, underlie the evolution of unique human traits. Interestingly, the gene that accumulates the largest number of HAR in the human genome is the neurodevelopmental transcription factor NPAS3 (Neuronal PAS domain-containing protein 3), a gene that has been associated with several neurological diseases in humans (Pickard et al., 2005, 2009; Macintyre et al., 2010). In addition, NPAS3 is expressed in telencephalic progenitor domains of the cortex, and the caudal and medial ganglionic eminences (CGE and MGE, respectively), and later in immature and mature cortical interneurons (Erbel-Sieler et al., 2004; Batista-Brito et al., 2008). In fact, it has been shown that NPAS3 regulates neurogenesis in the brain and particularly that NPAS3 mutants display reduced numbers of interneurons in the cortex (Stanco et al., 2014). Moreover, it has been shown that 11 out of the 14 HARs located in NPAS3 introns, were capable of driving reproducible expression of a reporter gene in the CNS of transgenic zebrafish (Kamm et al., 2013b). Further studies showed that one of these regions (2xHAR.142) drove the reporter gene LacZ expression to an extended region of the developing anterior telencephalon in comparison with the chimpanzee and mouse ortholog sequences when tested in transgenic mice (Kamm et al., 2013a). This is a salient example among the currently small catalog of regulatory regions carrying human-specific changes that likely modified human-specific expression patterns of brain developmental genes.

More recently, it has been also shown that HARs accumulate in a topologically associated domain encompassing the gene FOXP2 (Caporale et al., 2019). In fact, introns and intergenic regions of FOXP2 harbor 12 HARs, several of which act as transcriptional enhancers in the nervous system in expression assays in transgenic zebrafish and mice. Moreover, two of these regions drove the reporter gene to FOXP2 expressing cells in the developing brain and also display different expression patterns when compared with chimpanzee ortholog regions, indicating that the accelerated evolutionary process that they underwent in the human lineage are likely to have functional consequences (Caporale et al., 2019).

Boyd et al. (2015) have recently selected the HAR ANC516 previously identified (Bird et al., 2007) that they renamed as HARE5 for functional studies. This element located near the Wnt receptor Frizzled 8 (FZD8) gene displays differential enhancer activity in the developing cortex of transgenic mice (Boyd et al., 2015) depending on whether HARE5 was from human or chimpanzee origin. In fact, the human sequence drives reporter gene expression in a more robust way and in an earlier developmental time point than the ortholog chimpanzee sequence in the developing cortex. Then, the authors generated transgenic mice carrying the chimp or the human HARE5 sequences controlling the expression of the mouse Fzd8 coding sequence and analyzed comparatively several features of cortical development. Although this approach did not control for positional effects on the transgenics the results are worth to be mentioned. Overexpression of Fzd8 controlled by human HARE5 produced a faster cell cycle in neuronal progenitors and led to increased neocortical size compared with mice where Fzd8 is driven by chimpanzee HARE5 (Boyd et al., 2015). Although these results probably represent a step forward to understanding human brain evolution, further demonstration of how HARE5, NPAS3-HARs, or FOXP2-HARs impacted in human evolution still requires additional studies. An important issue to consider is that we still lack information about the expression pattern of FZD8, FOXP2, and NPAS3 in human and chimpanzee developing brains. Thus, we do not know if these genes are in fact differentially expressed in these two species. In addition, it would be very informative to generate genetically engineered mice strains carrying human versions of HARE5 and other differentially expressed HARs replacing their mouse ortholog region to then analyze brain size, neuronal cell counts, and cognitive and behavioral traits.

A recent study integrated previously identified three-dimensional chromatin interaction map in developing human cortex (Won et al., 2019), which identified physical enhancer-promoter/gene interactions with HARs. This study identified the gene targets of HARs in the developing cortical plate of the human fetal cortex (Won et al., 2019). The authors found that the putative target genes of HARs are enriched in pathways involved in human brain development, dorsal-ventral patterning, cortical lamination, regionalization, and proliferation of neuronal progenitors which led them to suggest that multiple aspects of human brain development are subject to human-specific regulation (Won et al., 2019).





Genetics of Human Cognitive Abilities

Regarding the genetics underlying the evolution of human cognitive abilities, in the last years some advances have been made into the identification of genetic loci relative to human cognitive function. In fact, Davies et al., found 148 genetic loci associated with general cognitive function using data from different large datasets like the UK biobank, CHARGE and COGENT consortia (Davies et al., 2018). Another recent study analyzed the expansion of cognitive networks in the human brain and the expression in these networks of genes associated to HARs (Wei et al., 2019). These authors found that HAR-associated genes are differentially expressed in higher-order cognitive networks in humans compared to chimpanzees and macaques (Wei et al., 2019). There is no doubt that these works will help to identify important genes and pathways that have played an important role into the evolution of our salient cognitive capacities.




CONCLUDING REMARKS AND FUTURE DIRECTIONS

Through this journey across the history of our cortex we can conclude that several key steps were necessary to render the mammalian neocortex that in some lineages reached a high degree of development and where highly-elaborated cognitive capacities are a distinctive feature. First, the appearance of the six-layered neocortex that probably happened in an ancestor of all mammals before the split of monotremes approximately between 240 and 180 mya was a cornerstone in the evolution of the organization of the basic plan of the mammalian neocortex. In this plan, the SVZ plays a fundamental role in the development of this six-layered neocortex. Then, the split and specialization of the SVZ seems to be the developmental mechanism that allowed the appearance of species with a high degree of encephalization and gyrencephaly, although it seems that the ancestor of all mammals possessed a gyrencephalic brain. However, more comparative studies will be necessary to help us to complete the puzzle and to better understand the molecular and cellular mechanisms underlying the emergence of the mammalian brain first and then brains with salient cognitive capacities. We still know very little about the genetic differences that led to the appearance of mammals and to the evolution of the distinctive characters of this group, particularly its brain. In the last years the explosion of the genomic era and the availability of genome sequences of many species of mammals and other vertebrates has enabled genome-wide comparisons among species and to detect genetic changes that emerged across their evolution. However, we need to understand how these genomic changes translate into gene expression differences or protein function modifications. Thus, it is important to perform comparative functional studies among different species that will help us to understand the phenotypic consequences of these genetic changes.

In this regard, the recent incorporation of different reptile species as animal models is helping us to understand the particular characteristics of the reptile brain and perform comparative studies to mammals illuminating in this way key aspects of mammalian brain evolution (Nomura et al., 2013b). In this sense, the development in the last years of several technologies will help to disentangle the evolutionary history of the mammalian brain. For instance, the possibility of studying brain organoids instead of animal models that are somewhat complicated due to several reasons including difficulty in laboratory reproduction promise to be crucial into understanding better brain developmental mechanisms in several lineages (Lancaster and Knoblich, 2014; Qian et al., 2019). However, some aspects of the development of the cortex are difficult to model in brain organoids, thus, this technique has to be used with caution and should be combined with the use of in vivo models that allow to model development in a more real system (Marx, 2020). In this sense, recent improvements to the protocols used to culture brain organoids are making them more complex and dynamic incorporating aspects of development that better mimic in vivo conditions (Shou et al., 2020). Moreover, the recent implementation of brain organoids from different primates is allowing us to model human brain evolution in a dish and to better understand how genetic differences translate into gene expression and phenotypic differences (Pollen et al., 2019).

In addition, high-throughput sequencing techniques such as RNAseq are allowing to perform comparisons of transcriptional landscapes of different species and thus pinpoint some fundamental genetic pathways that were modified in the different lineages. Moreover, single-cell RNAseq gives the possibility of exploring the gene expression program of a given cell and then comparing particular kinds of cells across different species. These techniques promise in the near future to help us understand the different genetic pathways that are activated in different cells across species to render differences in brain development.

Moreover, the development of CRISPR/Cas technologies that allow to genetically engineer almost any organisms (Gilbert et al., 2014; Zheng et al., 2014) will be crucial to understand how lineage-specific genetic modifications can impact on molecular pathways to finally render anatomic and functional changes in the mammalian cortex.

Finally, all this development in technology will help us to advance in knowledge and to better understand an essential piece of mammalian evolution: the mammalian brain.
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Rab4 EE, RE Promotes axon elongation. Xenopus laevis Falk et al., 2014
Critical for maintaining dendritic spine size. Rat hippocampal neurons ~ Brown et al., 2007; Hoogenraad et al.,
2010
Regulates synapse homeostasis through kinesin-2 mediated Drosophila Dey et al., 2017
trafficking.
Rab8 TGN, RE Involved in the transport of proteins to the dendritic surface andin ~ Rat hippocampal neurons ~ Huber et al., 1993, 1995
neurite outgrowth.
Required for the local delivery of AMPARSs into synapses. Rat hippocampal neurons ~ Gerges et al., 2004
Regulates axonal outgrowth via GRAB-mediated Rab8-Rab11 Mouse cortical neurons Furusawa et al., 2017
cascade in a Cdk5-dependent manner.
Rab11 RE Promotes neurite/axonal elongation and axon regeneration. Rat cortical neurons Takano et al., 2012; Koseki et al., 2017,
Promotes AMPARs and PSD-95 clusters at the synapses along Rat hippocampal neurons  Esteves da Silva et al., 2015
actin and microtubule cytoskeleton.
Involved in dendritic branching and spatial memory formation. Rat hippocampal neurons ~ Siri et al., 2020
Participates in N-Cadherin trafficking regulating neuronal migration ~ Mouse cerebral cortex Kawauchi et al., 2010
and maturation.
Required for actin cytoskeleton remodeling during early Drosophila  Drosophila Riggs et al., 2003
furrow formation.
Required for the development of the outer segment of rod cell Mouse retina cells Reish et al., 2014
membranes.
Involved in Zebrafish embryonic differentiation and development of ~ Zebrafish Zhang et al., 2019
the nervous system.
Rab13 TGN, RE Increases neurite outgrowth. PC12; Mouse dorsal root Di Giovanni et al., 2005; Kobayashi
ganglion neurons etal, 2014
Involved in the reorganization of the actin cytoskeleton through the  PC12 Sakane et al., 2010
Rab13-JRAB/MICAL-L2 interaction.
Rab17 EE, RE Regulates dendrite morphogenesis and postsynaptic development. Mouse hippocampal Mori et al., 2012, 2013
neurons
Regulates dendritic surface insertion of GluK2-containing KARs by  Rat hippocampal neurons; ~ Mori et al., 2014
dendritic trafficking of Syntaxin-4. Neuro2A
Rab35 RE Promotes neurite outgrowth. PC12; N1E-115 Chevallier et al., 2009; Kobayashi and
Fukuda, 2013
Regulates membrane trafficking from recycling endosomes to PC12 Kobayashi et al., 2014
neurite tips during neurite outgrowth.
Regulates axonal elongation and Cdc42 activity in neurons. Rat hippocampal neurons  Villarroel-Campos et al., 2016b
Implicated on sorting of synaptic vesicle proteins in neuromuscular  Drosophila Uytterhoeven et al., 2011
junctions.
Involved in maintain axonal integrity via Caenorhabditis elegans Coakley et al., 2020
UNC-70/B-spectrin-TBC10-Rab35.
Arfé RE Inhibits neurite/dendritic/axonal elongation and branching during PC12; Chick retinal and rat  Hernandez-Deviez et al., 2002, 2004;

neuronal development.

Enhances clathrin/AP-2 recruitment at the synapse by PIPKly
activation.

Regulates the formation and maintenance of the dendritic spines.

Regulates neuronal migration in the developing cerebral cortex.
Promote neurotransmitter release at the neuromuscular junction.
Regulates traffic pathways during photoreceptor development.

hippocampal neurons;
Aplysia motor neurons

Rat cortical neurons

Rat hippocampal neurons

Mouse cerebral cortex
Xenopus laevis
Zebrafish

Albertinazzi et al., 2003; Huh et al.,
2003; Kobayashi and Fukuda, 2012

Krauss et al., 2003

Miyazaki et al., 2005; Choi et al., 2006;
Kim et al., 2015

Arvanitis et al., 2013; Falace et al., 2014
Ashery et al., 1999
George et al., 2016

The table summarizes the role of RE-resident Rabs/Ras reported in processes mainly associated with neuronal differentiation and migration of several experimental

models.
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Ganglia Neuronal types Fiber Detected and/or Identified Markers expressed by Ref. to scRNA seq

types transmitted information subtypes mature neurons studies

TG Mechanoreceptors AB Touch 3 Piezo2, TrkB, Nav1.5 Nguyen et al. (2017,
C-LTMR C Light touch 1 TH, Vglut3 2019); Sharma et al.
Thermoceptors As or C Heat and cold Irritants 10 TrpM8, Gpr26 Cd34, Piezo2, (2020)

Pruriceptors Noxious heat, cold, touch, P2Y1 MrgpA3, Etv1, TrpA1,
Nociceptors chemicals TrpV1, Tac1, CGRP, Scn10a,
Grik1, MrgprD
GG Mechanoreceptors A General touch >1? Drg11, Fxyd2, Kens3, Brn3a, Dvoryanchikov et al.
Brn3b, Piezo2 (2017); Anderson and
Chemoreceptors C [3-6] Phox2b, P2X3, P2X2 Larson (2019); Zhang
(qustatory) Sour Penk, Lypd1, Htr3a etal. (2019)
Sweet Spon1, Tact, Itm2a
Bitter? Cdh13
Umami? Cdh4
Salt? Egr2
Mechano-sensitive? Piezo2
VAG AG type | A Sound vibration Type I >37 Runx1, Calb1, Ttn Lypd, Petitpré et al. (2018);
Brn3a, Grm8 Shrestha et al. (2018);
AG type ll A Acceleration, gravity Type lI: 1 Trim54, Calb2, Rxrg Sun et al. (2018)
TH, Periph, Mafb
VG mechanoreceptors A VG: N.D.

PNG Nociceptors C Inflammation PG: N.D. Phox2b, P2X2, Nav1.8, Williams et al. (2016);
Chemoreceptors C Irritants, nutrients, NG: 18 Trpv1, Hoxb2-6, Tbx3, TrkC, Kupari et al. (2019);
Mechanosensors AorC Stretch, pressure Eyal, Nav1.1, Piezo2, P2Y1, Mazzone et al. (2020)

Gpr65, Npy2r, Glptr

SJG Thermoceptors As or C Light touch Irritants SG: N.D. TH, Runx1, Drg11 TrpV1, Kupari et al. (2019)
Pruriceptors Noxious heat, cold, touch, JG: 6 TrkA, CGRP, Prdm12,

Nociceptors chemicals TrpM8, Asic3

DRG Proprioceptor Aa Limb position [1-2] TrkC, Parv, Runx3 Chiu et al. (2014);
Mechanoreceptor AB Touch [2-3] TrkB, Ret, MafA Usoskin et al. (2015);
C-LTMR (¢} Light touch 1 Piezo2, TH, Vglut3 Li et al. (2016); Zeisel
Thermoceptors As or C Heat and cold >5 TrpV1, TrpM8, TrpAd, et al. (2018); Hockley
Pruriceptors Irritants Piezo2, TH, P2X3, SST, et al. (2019); Sharma

Nociceptors

Noxious heat, touch,
chemical

Nav1.8, Nav1.7, TrkA,
Runx1, TrpV1, TrpAt,
MrgprD

etal. (2020)

TG, trigeminal ganglia; GG, geniculate ganglia; VAG, vestibuloacoustic ganglia; PNG, petrose and nodose ganglia;, SJG, superior and jugular ganglia; DRG,
dorsal root ganglia.
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Gene

Sensory deficits associated with

OMIM number and other

name human congenital disease references
EYA1 Branchiootic syndrome 1 602588
Branchiootorenal syndrome 1, with or 113650
without cataracts
SIX1 Branchiootic syndrome 3 608389
Deafness, autosomal dominant 23 605192
NEUROGT1 Congenital cranial dysinnervation Schroder et al. (2013)
disorder (Moebius syndrome variant)
NEUROD1 Permanent neonatal diabetes with Rubio-Cabezas et al. (2010)
neurological abnormalities
PHOX2B  Central hypoventilation syndrome, 209880
congenital, with or without
Hirschsprung disease
PRDM12  Neuropathy, hereditary sensory and 616488
autonomic, type VIII (or congenital
insensitivity to pain)
Midface toddler excoriation syndrome ~ Moss et al. (2018);
(MITES) Inamadar et al. (2019)
GATA3 Hypoparathyroidism, sensorineural 146255
deafness and renal dysplasia
C-MAF Ayme-Gripp syndrome 601088
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Zebrafish Cytoneme — Actin 10-50 pm Wnt8a Mediate long-range Wnt
embryo/neural plate multidirectional Tubulin is present atthe  Those carrying Wnt8a signaling and pattern the neural
cells base measure 16.6 pm on plate
(Stanganello et al., average.
2015)
Zebrafish Basal protrusion — Microtubules (Hadjivasiliou Average 42.6 pm length Delta Mediate long-distance Delta
embryo/neuronal bidirectional along the et al., 2019) (4-cell diameters) Notch signaling pathway
precursors in the spinal  A/P axis Remain elongated for 6.8 h activation — pattern neuronal
cord on average differentiation along the
(Hadijivasiliou et al., zebrafish spinal cord
2019)
Drosophila notum/SOP  Basal filopodia — Actin Filopodia formed by small Delta Mediate long-distance
cells multidirectional bristles precursors Delta-Notch signaling pathway
(De Joussineau et al., (microchaetes) measure on activation — pattern
2003; Cohen et al., average 11 um (spanning mechanosensory bristles
2010) 1.4-cell diameters) and last precursors in Drosophila notum

<10 min, while in

macrochaetes filopodia can

span 120 pm (12- to

21-cell diameters)
Adult zebrafish Apical and basal Some filopodia have The longest filopodia span Delta Unknown
brain/neural stem cells  filopodia-like F-actin 4-cell diameters
and progenitors protrusions —
(Obermann et al., 2019) multidirectional
Rodent Long and short cellular  Unknown Unknown Delta Suggested to mediate
cortex/intermediate protrusions. Long long-distance Delta-Notch
progenitors protrusion is directed signaling pathway activation
(Noctor et al., 2004; toward the apical and maintain radial glia cells in
Nelson et al., 2013) surface while short proliferation

protrusions are
multidirectional

Neuronal cocultures Tunneling nanotubes ~ May contain microtubules  Up to 100 um a-Synuclein, amyloid-B,  Transport components that

(reviewed in Victoria
and Zurzolo, 2017)

Rat/hippocampal
neurons cocultured
with astrocytes
(Wang et al., 2012)

Tunneling nanotubes —
directed toward
astrocytes

or F-actin
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some also contain F-actin

Up to 30-pm length and
15-min lifetime

huntingtin, tau, and prion

Can contain connexin43

have been associated with
neurodegenerative diseases.
May mediate the propagation of
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cells or healthy components to
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Regulate electrical coupling
between immature neurons and
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Cranial nerve

Ganglion and type

Origin of neurons

References

CNI - Olfactory (Ensheating glia
of Olfactory nerves)
CNIIl = Oculomotor (m)

CNV — Trigeminal (mix)

CNVII - Facial (mix)

CNVIII - Vestibulocochlear (s)

CNIX — Glossopharyngeal (mix)

CNX — Vagus (mix) Superior
laryngeal branch; and recurrent
laryngeal branch

CNXI - Accessory (m)

Ciliary, visceral efferent

Trigeminal, general afferent

-Superior, general and special afferent

-Inferior: geniculate, general and special afferent
-Sphenopalatine, visceral efferent
-Submandibular, visceral efferen
Acoustic: cochlear, special afferent; and Vestibular,
special afferent

-Superior, general and special afferent
-Inferior, petrosal, general and special afferent
-Otic, visceral efferent

-Superior, general afferent
-Inferior: nodose, general and special afferent

-Vagal: parasympathetic, visceral efferent
No ganglion*

Telencephalon/olfactory placode; NCCs at forebrain

NCCs at forebrain-midbrain junction (caudal diencephalon
and the anterior mesencephalon)

NCCs at forebrain-midbrain junction (from r2 into 1st PA),
trigeminal placode

-Hindbrain NCCs (from r4 into 2nd PA), 1st epibranchial
placode
-1st epibranchial placode (geniculate)
-Hindbrain NCCs (2nd PA)

-Hindbrain NCCs (2nd PA)

Otic placode and hindbrain (from r4) NCCs

-Hindbrain NCCs (from r6 into 3rd PA)

-2nd epibranchial placode (petrosal)

-Hindbrain NCCs (from r6 into 3rd PA)

-Hindbrain NCCs (from r7-r8 to 4th and 6th PA)
-Hindbrain NCCs (4th and 6th PA); 3rd (nodose) and 4th
epibranchial placodes
-Hindbrain NCCs (4th and 6th PA)

Hindbrain (from r7-r8 to PA 4); NCCs (4th PA)

Boyd et al., 2003; Muller et al., 2004; O'Rahilly and
Mudiller, 2007; Barraud et al., 2010

Noden, 1978; Couly et al., 1993; Wahl et al., 1994;
Lee et al., 2003

d’Amico-Martel and Noden, 1980; Forbes and Welt,
1981; D’amico-Martel and Noden, 1983
D’amico-Martel and Noden, 1983; Lumsden et al.,
1991; Barlow and Northcutt, 1997; Begbie and
Graham, 2001

Barlow, 2002; Krimm, 2007; Sandell et al., 2014

Narayanan and Narayanan, 1980; D’amico-Martel
and Noden, 1983; O’Rahilly and Mdller, 1984; Barlow
and Northcutt, 1997

Narayanan and Narayanan, 1980; D’amico-Martel
and Noden, 1983

Muller and O’Rahilly, 1980; O’Rahilly and Mdler, 2007

Abbreviations: CN, Cranial Nerve; m, purely motor nerve; mix, mixed nerve (sensory and motor); NC, neural crest; PA, pharyngeal (branchial) arch; r, rhombomere; s, purely sensory nerve. *There is no known ganglion
of the accessory nerve. The cranial part of the accessory nerve sends occasional branches to the superior ganglion of the vagus nerve.
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Molecule (in alphabetical
order)

BMPs

B-Catenin

Dix2

Endothelin-1 and endothelin A

receptor

EphA4, EphB1, and Ephrin-B2

Ephs and Ephrins

ErbB2, ErbB3, Neuregulin

ErbB4

FGF2

FGFR1

Gbx2
Hand2
Hippo/Yap
Hox genes

ndian and Sonic Hedgehog

Kreisler (Mafb)
Krox20 (Erg2)

Msx1/Msx2

Neurogenin 1

Neuropilin-1 and
Semaphorin-3A, -3F
Neuropilin-1a, -1b, -2a, -2b
and Semaphorin-3Fa, -3Ga
europilin-1 and VEGF

europilin-2 and
Semaphorin-3F
otch/Hes

Otx2

Phox2b
PTK7
Retinoic Acid

Sox

Zic2

Participation in neural crest development

Induction, migration and differentiation

Specification
Survival and/or differentiation

Survival and differentiation

arget invasion

Migration

igration

igration

igration

Proliferation and differentiation

Target invasion

Induction and patterning

Specification

Specification, and migration,

Specification, migration and differentiation
Specification, migration, differentiation and Survival
Patterning, precursors cells specification
Patterning, precursors cells specification
Specification, survival and proliferation

Neuronal differentiation

Migration

Migration

Target invasion

Trigeminal ganglion formation

nduction, specification, migration, proliferation and
differentiation

nduction and patterning

Specification, differentiation

igration
nduction, migration

nduction, migration and differentiation

Induction

nduction, migration, maintenance of specification, and

Proposed role

Cell fate decision, epithelial-to-mesenchymal transition,
delamination, apoptosis

Conditional inactivation of B-catenin results in increased
apoptosis in mouse cranial NCCs and craniofacial
malformations

nvolved in survival of zebrafish cranial NCCs and
differentiation of sensory ganglia

Required for early development and migration into or within
he PA 1-4, also in PA D-V patterning

Prevent intermingling of third and second arch Xenopus
CCs

Restricts avian and murine NCCs into streams by inhibiting

migration into NCC-free zones

Defects in proximal cranial sensory ganglia derived from
rigeminal otic placodes and from NCCs; defects in
sympathetic neuron migration

Maintains the r3-adjacent NCC-free zone

Depending on the concentration of FGF2, either
proliferation is enhanced or cartilage differentiation is
induced

Provides a permissive environment for NCC migration into
branchial arch 2

Establishes regional identity and patterning
eural precursor specification
nteraction between Hippo/YAP and retinoic acid

Maintain segmental identity of cranial NCCs through
unknown mechanism

Reduction in Sonic hedgehog signaling leads to increased
neural tube and NCC death

Hindbrain patterning

Hindbrain patterning

Mouse mutants display impaired cranial NCC patterning,
survival and proliferation

Loss of proximal cranial sensory neurons derived from
trigeminal otic placodes and from NCC

Avian and murine cranial NCCs express neuropilin-1 and
are repelled by semaphorin-3A

Restricts zebrafish NCCs into streams by inhibiting
migration into NCC-free zones

VEGF attracts Neuropilin-1 expressing NCCs into branchial
arch 2

Mice with null mutations in either molecule display
improperly formed ganglia

Ectodermal cell fate decision

Establishes regional identity and patterning
Neuronal phenotype decision

Versatile co-receptor in Wnt signaling

Mediates the segmental migration of cranial NCCs
A-P patterning

-Sox9 and Sox10: induction and NC development

-Sox22 is expressed in CNV to CNX and might play a role
during the human NC differentiation

Ectodermal cell fate decision

Abbreviations: A-P antero-posterior; CN, Cranial Nerve; D-V/, dorso-ventral; NCC, neural crest cell; PA, pharyngeal (branchial) arch; r, rhombomere.
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Names/symbols

In Drosophila:
Intrinsic factors
Abdominal A (abd-A)
Abdominal B (Abd-B)
Antennapedia (Antp)

Asense (ase)

Atonal (ato)
Baboon (babo)
Broad (br)

Castor (cas)
Chronologically inappropriate
morphogenesis (Chinmo)

Dachshund (dac)
Decapentaplegic (dpp)

Deformed (Dfd)

Dichaete (D)

Distal-less (DIl)

Dorsal (dl)

Drop (Dr)
Engrailed (en)

Epidermal growth factor receptor (EGFR)

Eyeless (ey)
Grainy head (grh)

Gooseberry (gsb)

Hedgehog (hh)

Homothorax (hth)

Hunchback (hb)
GF-Il mRNA-binding protein (Imp)

ntermediate neuroblasts defective (ind)

Human
orthologs

HOXAG

HOXC6

HOXA11
HOXD11

HOXB7

ASCLA
ACSL2

ATOH7
TGFBR1
BTBD18
CASZA

BTBD18

DACH1
BMP2

HOXC4

SOX12

SOX14
SOX21

RELA
RELB

MSX2
EN1

EGFR

SHH

DHH

MEIS1
MEIS2

IKZF5

IGF2BP1
IGF2BP2
IGF2BP3

GSX1

Gene groups and pathways

Bithorax complex

HOX-like homeobox TFs

Bithorax complex
HOX-like homeobox TFs

Antennapedia complex
HOX-like homeobox TFs

Basic helix-loop-helix TFs

Basic helix-loop-helix TFs
TGF-B type | receptors

C2H2 zinc finger TFs
C2H2 zinc finger TFs

C2H2 zinc finger TFs
Other DNA binding domain TFs

Bone morphogenetic proteins signaling
pathway core components

Antennapedia complex

HOX-like homeobox TFs
High mobility group box TFs

K-like homeobox TFs

uclear factor-kB

K-like homeobox TFs

K-like homeobox TFs

Receptor tyrosine kinases

Paired homeobox TFs

Polycomb group recruiters/DNA-binding
proteins

Paired homeobox TFs

Hedgehog signaling pathway core
component

Tale homeobox TFs
C2H2 zinc finger TFs

mRNA-binding protein

HOX-like homeobox TFs

Description

Required for segmental identity of the second through eighth
abdominal segments

Specifies the identity of the posterior abdominal segments

Regulates segmental identity in the mesothorax

TF in d-IPC Type | Nbs

TF in d-IPC Type | and Il Nbs
Required for proliferation of Nbs
TF in thoracic later-born neurons

TF in VNC Type | Nbs, thoracic Type | Nbs, CB Type Il Nbs
and INPs

TF in thoracic early-born neurons

TF in d-IPC Type | Nbs

Patterns the dorsal surface of the embryo and is expressed in
a subset of Rxt tOPC NECs

nvolved in proper morphological identity of the maxillary
segment and the posterior half of the mandibular segment

TF in Me, tOPC and d-IPC Type | Nbs, CB Type Il Nbs and
NPs

Expressed in Wgt tOPC NECs and tTF in tOPC Type O Nbs

Patterns the ventral side of the embryo

Specifies the dorsal portion of the neuroectoderm

Segment polarity gene involved in compartment identity and
boundary formation

Required for expansion of OPC NECs and patterns the
ventral side of the embryo

tTF in Me and tOPC Type | Nbs, CB Type Il Nbs and INPs
tTF in CB Type Il Nbs and INPs

Expressed in segmentally repeating pattern to define the A/P
polarity of embryonic segments

Marks ventral half of the OPC NECs

tTF in Me Type | Nbs

tTF in VNC Type | Nbs

tTF in thoracic early-born neurons

Specifies the intermediate portion of the neuroectoderm
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Klumpftuss (Klu)
Kruppel (Kr)
Labial (lab)

Optix

Retinal Homeobox (Rx)
POU domain protein 2 (Pdm2)
Proboscipedia (pb)

Seven up (svp)

Sex combs reduced (Scr)

Sloppy paired 1 (slp 1)
Syncrip (Syp)

Tailless (tll)
Ultrabithorax (Ubx)

Ventral nervous system defective (vnd)
Visual system homeobox 1 (Vsx1)

Wingless (wg)

Niche/glia-derived factors
Activin-g (Actp)

Anachronism (ana)
Dally-like (dlp)

Drosophila insulin-like peptides 1-8s
(dILP1-8s)
Glass bottom boat (gbb)

Jelly belly (jeb)
Spitz (Spi)
Terribly reduced optic lobes (trol)

LBIBIA
BCL6

HOXA1
HOXB1

SIX3

SIX6
RAX
POU2F3
HOXA2
HOXB2
R2F2
HOXA5

FOXG1

HNRNPR
SYNCRIP

R2E1
HOXB6

KX2-2
VX2
WNTH

INHBA
INHBB

GPC4

IGF1/2

BMP7

TGF-a
HSPG2

C2H2 zinc finger ks
C2H2 zinc finger TFs

Antennapedia complex
HOX-like homeobox TFs

Six/Sine oculis homeobox TFs

Paired-like homeobox TFs
POU homeobox TFs

Antennapedia complex
HOX-like homeobox TFs

uclear receptor TFs

Antennapedia complex
HOX-like homeobox TFs

Fork head box TFs
mRNA-binding protein

uclear receptor TFs

Bithorax complex

HOX:-like homeobox TFs
K-like homeobox TFs

Paired-like homeobox TFs

Wnt-TCF signaling pathway core
component

TGFB superfamily ligand

Glycoprotein

Heparan sulfate proteoglycan Glypican
(Membrane tethered)

Insulin-like peptides

Bone morphogenetic proteins signaling
pathway ligand

Ligand of anaplastic lymphoma kinase
EGFR signaling pathway ligand

Heparan sulfate proteoglycan Perlecan
(ECM component)

tlirin Me lype | Nos
tTF in VNC Type | Nbs

Specifies derivatives of gnathocephalic segments

Marks the adjacent ventral and dorsal main regions to Vsx1+
OPC NECs

Marks the tOPC NECs
TF in VNC Type | Nbs

Required for the formation of labial and maxillary palps

TF in CB Type Il Nbs and INPs

Required for labial and first thoracic segment development

TF in Me and tOPC Type | Nbs
TF in thoracic later-born neurons

TF in Me Type | Nbs

Controls development of the posterior thoracic and first
abdominal segments

Specifies the ventral portion of the neuroectoderm
Expressed in central OPC NECs

Segment polarity gene involved in controlling the
segmentation pattern of embryos by affecting the posterior
cells of each parasegment and is expressed in a second
subset of Rx*t tOPC NECs

Secreted from surface glia

Secreted from cortex glia

Secreted from surface glia

Secreted from cortex and surface glia

Secreted from surface glia

Secreted from glia

Secreted from cortex glia

Secreted from surface glia

Symbols/names

In mammals:

Intrinsic factors

Castor zinc finger 1 (CasZ1)
COUP-TF interacting protein 2/B cell

leukemia/lymphoma 11B (Citp2/BCL11B)

Distal-less homeobox 2 (DIx2)

Empty spiracles homeobox 1 (Emx1)

Drosophila
orthologs

Cas
CG9650

DIl

ems

Gene groups and pathways

C2H2 zinc finger TFs
C2H2 zinc finger TFs

NK-like homeobox TFs

NK-like homeobox TFs

Description

tTF in the specification of late-born cell types in the retina

Specification of Layer V neurons

Regional specification (embryonic subpallium (LGE and MGE)
and lateral postnatal/adult SEZ)

Regional specification (embryonic pallium and dorsal
postnatal/adult SEZ)
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£mpty Spiracles Homeobox 2 (EmxX2) ems NK-like homeoobox | s Dentate gyrus regional identity
Eomesodermin (Tbr2) Doc1 T-Box TFs Specification of INPs
Eukaryotic translation initiation factor 4E 4E-T elF4E/mRNA translation regulator Translational repression of neuronal specification TFs
nuclear import factor 1 (4E-T/EIFAENIF1)
Fez family zinc finger 2 (Fezf2) erm C2H2 zinc finger TFs Specification of Layer V neurons
Forkhead box G1 (Foxg1) Slp2 Fork head box TFs Specification of deep-layer neurons
GS homeobox 2 (Gsh2/Gsx2) ind HOX-like homeobox TFs Regional specification (embryonic subpallium (LGE and MGE)
and dorsolateral postnatal/adult SEZ)
HOP homeobox (Hopx) - Homeobox TFs Dentate gyrus regional identity
KAROS family zinc finger 1 (Ikzf1) Hb C2H2 Zinc finger TFs TF in the specification of early-born cell types in the cortex
and retina
Lysine (K)-specific methyltransferase 2A trx Trithorax complex Preservation of regional identity
Mil1/ KMT2B,
Lymphoid enhancer binding factor 1 (Lef1) pan High mobility group box TFs Dentate gyrus regional identity
eurogenic differentiation 1 (Neurod1) amos Proneural basic helix-loop-helix TFs Required for neuronal differentiation
ato
eurogenin 2 (Neurog?2) tap Proneural basic helix-loop-helix TFs Drives differentiation of NSCs into neurons
K2 homeobox 1 (Nkx2-1) sCro K-like homeobox TFs Regional specification (embryonic subpallium (MGE), and
ventrolateral and medial postnatal/adult SEZ)
uclear receptor subfamily 2, group F, svp uclear receptor TFs Specification of upper-layer neurons
member 1 (Nr2f1/COUP-TFI)
Paired box 6 (Pax6) ey Paired homeobox TFs Expressed in Radial glia/NSCs; regional specification
(embryonic pallium, dorsal postnatal/adult SEZ)
POU domain, class 3, transcription factor  wvl POU homeobox TFs Specification of upper-layer neurons
3 (Brn1/POUSF3)
Pumilio RNA-binding family member 2 pum RNA-binding family Translational repression of neuronal specification TFs
Pum?2)
Special AT-rich sequence binding protein 2 dve CUT homeobox TFs Specification of upper-layer neurons
Satb2)
SRY (sex determining region Y)-box 5 Sox102F High mobility group box TFs Specification of layer VI neurons
Soxb)
T-box brain transcription factor 1 (Tbr1) Doc1 T-Box TFs Specification of layer VI neurons
Transducin-like enhancer of split 4 (Tle4) gro Transcriptional corepressor Specification of deep-layer neurons
Zinc finger E-box binding homeobox 2 zfh1 C2H2 zinc finger TFs Feedback signaling from neurons to progenitors
Sip1/Zeb2)
Zinc finger protein of the cerebellum 1 opa C2H2 zinc finger TFs Regional specification (embryonic medial subpallium and
Zic1) septal postnatal/adult SEZ)
Niche/Astroglia-derived factors
nsulin-like growth factor binding protein 6 — Regulation of insulin-like growth factor Secreted by non-neurogenic astroglia
IGFBP6) receptor signaling pathway
nsulin-like growth factor 1 (Igf1) dilp2 Insulin-like growth factor ligand Systemic/niche factor
nterleukin 1 beta (IL-1B) - Cytokine activity Secreted by SGZ niche astroglia
interleukin 6 (IL-6) - Cytokine activity Secreted by SGZ niche astroglia
Jagged 1 (Jag1) Ser Notch signaling pathway Expressed by forebrain astroglia
membrane-bound ligand
Neurogenesin-1/Chordin-like protein 1 - BMP antagonist Secreted by SGZ niche astroglia
(Ng1/Chrdi1)
Secreted frizzled-related protein 4 (sFRP4) - Wnt antagonist Secreted by OB astroglia
Thrombospondin 1 (Thbs1) Tsp Glycoprotein (ECM component) Secreted by forebrain astroglia
Wingless-type MMTYV integration site wg Wnt pathway ligand Secreted by SGZ/SEZ niche astroglia

family (Wnt3,Wnt7a)

CB, central brain,; d-IPC, distal inner proliferation center; ECM, extracellular matrix; LGE, lateral ganglionic eminence; Me, medulla; MGE, medial ganglionic eminence;
Nbs, neuroblasts; NECs, neuroepithelial cells; NSCs, neural stem cells; OB, olfactory bulb;, SEZ, subependymal zone; SGZ, subgranular zone; TFs, transcription factors;
tTF, temporal transcription factor; t-OPC, tip of the outer proliferation center; VNC, ventral nerve cord.
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Temporal patterning in neural progenitors in Drosophila
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NSC niche Methods Chase time Self-renewal Population Population References
capacity dynamics dynamic
mechanism
SGZ Nestin:CreERT2 Up to 30 days Limited Progressive ND Balordi and Fishell,
lineage tracing + consumption of the 2007; Encinas
BrdU labeling NSC pool (the etal, 2011
corresponding
interpretation is
hence referred to
as the “disposable
stem-cell model”)
SGZ Nestin:CreERT2 Up to 1 year Substantial Maintenance of ND Balordi and Fishell,
lineage tracing NSCs in clones 2007; Bonaguidi
over a year etal., 2011
SGZ Ascl1:CreRT2 + Up to 2 months Limited Progressive ND Pilz et al., 2018
live-imaging consumption of the
(chronic imaging NSC pool, no
through a window return to
in the overlying quiescence upon
cortex) activation.
Compatible with
the disposable
stem-cell model
SGZ Hopx:CreERT2 Up to 12 months substantial Quiescent NSCs ND Berg et al., 2019
biased toward
neurogenic fates
once activated
SEZ Glast:CreERT2 + 4-6 months Limited Progressive Population Calzolari et al.,
confetti reporter consumption of the asymmetry to 2015
mice NSC pool with a maintain neuronal
specific sequence production at the
of divisions: few expense of the
rounds of NSC pool
asymmetric
self-renewing
divisions symmetric
differentiating
division
SEZ Replication- Up to 4 weeks Limited Progressive Population Obernier et al.,
incompetent avian consumption of the asymmetry 2018
RCAS-GFP NSC pool: 20% of paradigm to
retrovirus injected symmetric balance
into hGFAP: Tva self-renewing self-renewal and
mice divisions (with differentiation of
return to long-term NSCs at the
quiescence), 80% population level
of symmetric
differentiating
divisions, no
asymmetric
divisions
SEZ Troy: GFPiresCreER Up to 8 months Substantial NSC fates are Population Basak et al., 2018
and Ki67: self-renewal chosen asymmetry driven
GFPiresCreER capacity stochastically with by sensing niche
lineage tracing probabilities occupancy

inversely correlated
with the number of
surrounding NSCs





OPS/images/fcell-08-00525/fcell-08-00525-g008.jpg
A visual
stimulus

gustatory
stimulus

olfactory
stimulus

o8

increased neurogenesis via:

7 W g
\ survival

O proliferation

* site of injury

—W activated NSC
_V quiescent NSC

N Gata3+, Notchl+ ||
U/ Increased Id1

1: Reaction of microglia and oligodendrocytes,
release of pro-inflammatory signals

2: Gata3-dependent NSCs activation for
regeneration

3:ld1-dependent NSC quiescence to prevent
NSC pool exhaustion






OPS/images/fcell-08-00525/fcell-08-00525-t001.jpg
Method

Principle

Output (and limitations)

Princeps
publications

Thymidine analogs

Retroviruses

DNA
electroporation or
lipofection

Conditional
Cre-lox-mediated
genetic tracing

Tet-tTA-mediated
genetic tracing

Intravital imaging

These compounds (BrdU, CldU, EdU)
incorporate into the DNA of cycling cells
during the S phase. They are revealed by
immuno-histochemistry or click-chemistry.

Cells with ventricular contact are infected
upon intra-ventricular injection of the viral
suspension. Following infection, the genetic
material carried by the virus is reverse
transcribed and integrates into the host cell
genome.

Cells with ventricular contact are targeted
upon intra-ventricular injection of the virus
suspension and electroporation. DNA
remains episomal.

Double transgenic animals (driver-reporter)
are used. Expression of Cre-ER is driven
from the driver transgene by neural
progenitor-specific promoters, and nuclear
translocation is temporally controlled by
tamoxifen treatment. It recombines the
reporter transgene at LoxP sites to express
a reporter, usually driven by a ubiquitous
promoter.

Double transgenic animals (driver-reporter)
are used. Expression of Tet is driven from
the driver transgene by neural
progenitor-specific promoters, and its
activity is temporally controlled by doxycylin
treatment. It then activates the reporter
transgene.

2P: Semi-transparent adult animals (casper
or nacre) are used, anesthetized and
imaged using 2P microscopy. Progenitor
cells are tracked using specific transgenic
reporter backgrounds or following reporter
electroporation.

3P: transgenic casper adults are used,
anesthetized and imaged using 3P
MICroscopy.

Labeling of dividing cells only (thus low efficiency to label
dormant cells).

Identification of the progeny cells becoming post-mitotic or
dividing infrequently post-labeling (dilution of the label at
each division round, so rapidly dividing progeny cells are
lost).

Detection of cells dividing infrequently, when detected
together with a proliferation marker (PCNA, MCM proteins)
after a chase (“label retention assay”).

Integration into dividing cells for simple retroviruses, and
into non-dividing cells as well for lentiviruses, the genetic
material of which can cross nuclear pores.

Permanent labeling of the progenitor and its progeny.

Cell specificity of expression can be achieved using specific
promoters.

Cell specificity of expression can be achieved using specific
promoters.

Labeling is transmitted to progeny cells but is a priori not
permanent.

Bias toward targeting cells with a large apical surface.

Cell specificity of the recombination is achieved using
specific promoters (so far: her4.1; gfap; nestin); these
promoters may not recapitulate the endogenous pattern in
all lines, and need to drive strong expression for
recombination to be efficient.

Labeling is permanent in the progenitor and all its progeny
cells.

Various extents of recombination can be used (from clonal
to full).

Cell specificity of induction is achieved using specific
promoters (so far: her4.1).

Labeling is transient in the progenitor following arrest of the
doxycycline treatment. If the reporter protein is fused with a
histone (e.g., H2B), it will be diluted in the progenitor cell
upon division, but stably maintained in post-mitotic cells
generated soon after induction, hence also serving as a
birth dating method; like with thymidine analogs, rapidly
dividing progeny cells will be lost by label dilution.

Various extents of induction can be used (from clonal to
full); full inductions can also be used to track non-dividing
progenitor cells that retain the label (although with caution,
as expression levels at induction may be variable).

Individual progenitor cells can be tracked over some weeks.
Tracking of progeny cells is transient as they leave the
progenitor niche to reach deep parenchymal areas.

Only applicable so far to the dorsal-most pallial areas (Da,
Dm).

Individual progenitors can be imaged, as well as cells
located much deeper in the parenchyma (at least 200 mm
below the NSC layer), e.g., neurons. Howerver the method
has not been used yet for repetitive imaging.

Adolf et al., 2006;
Grandel et al.,
2006; Pellegrini
et al., 2007

Rothenaigner et al.,
2011

Chapouton et al.,
2010; Alunni et al.,
2013

Kroehne et al.,
2011

Furlan et al., 2017

Barbosa et al.,
2015a; Dray et al.,
2015; Guesmi
etal., 2018
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Cell cycle phase

G1

S/G2/M

Complete cell cycle

S-phase

S-phase

Cell cycle

GO

G1 GO transition

Division rate

Non-proliferating

GO

Length

0-35 h, most of the
time: 6-15 h

4-12 h, most of the
time: between 4
and9 h

17h

4.5

ANP (amplifying
neural progenitors,
higher level of
proliferation): 12.2
+ 1.1 QNP
(quiescent neural
progenitors, low
level of
proliferation): 7.8 +
0.7

28-35h

20 + 4 days

5+ 2 days

oiti2th

24.4 and 143 days

Model

Mouse NSC cell
culture

Mouse NSC cell
culture

Mouse NSCs in the
SEZ

Mouse NSCs in the
8SEZ

Mouse NSCs in the
SGZ

Mouse NSCs in the
SGZ

Mouse NSCs in
SEZ

Mouse NSCs in
SEZ

Mouse NSCs in
SEZ

Mouse NSC in the
SGZ

Zebrafish pallium

Method

Hes5:FUCCI line

Hes5:FUCCI line

Thymidine analog

Thymidine analog

Thymidine analogs

Thymidine analogs

Genetic tracing based on
Whnt-target Troy:GFP. In the model,
gNSCs become activated at
constant low rate, and aNSC go to
quiescence at constant rate.

Genetic tracing based on
Whnt-target Troy:GFP. In the model,
gNSCs become activated at
constant low rate, and aNSC go to
quiescence at constant rate.
Genetic tracing based on
Whnt-target Troy:GFP. In the model,
gNSCs become activated at
constant low rate, and aNSC go to
quiescence at constant rate.

Live imaging with inducible
Ascl1:tdTomato line

Genetic tracing based line
Tg(her4:RFP). In the mathematical
model, gNSCs become activated at
2 different rates.

References

Roccio et al., 2013

Roccio et al., 2013

Ponti et al., 2013

Ponti et al., 2013

Encinas et al., 2011

Encinas et al., 2011

Basak et al., 2018

Basak et al., 2018

Basak et al., 2018

Pilz et al., 2018

Than-Trong et al.,
2020
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Quiescence Model Method References
promoting factor
Notch (in general) Mouse SGZ Conditional knockout of RBPJk in Glast-expressing NSCs enhances neurogenesis (quiescence Ehm et al., 2010
exit) and leads to NSC depletion 2 months after induction
Mouse SEZ Conditional knockout of RBPJk in Nes-expressing NSCs enhances neurogenesis (quiescence Imayoshi et al.,
exit) and leads to NSC depletion 3 months later 2010
Notch3 Adult zebrafish Pharmacological blockade of gamma-secretase (Notch signaling pathway), notch3 mutant and Alunni et al., 2013
pallium notch3 MO show that Notch3 maintains quiescence
Mouse SEZ Notch3-null mice and knockdown in adult with lentiviral expressing shRNA targeting Notch3 Kawai et al., 2017
drive quiescence exit of NSCs, especially in the lateral and ventral wall
Notch2 Mouse SEZ Conditional knockout of Notch2 in Hes5-expressing NSCs and short-term lineage tracing of Engler et al., 2018
Notch2-expressing cells shows that Notch2 maintains NSCs in quiescence, as loss of function
leads to quiescence exit, increased neurogenesis and accelerated NSC exhaustion
Mouse SGZ Conditional knockout of Notch2 in Hes5-expressing NSCs leads to proliferation of NSCs and Zhang et al., 2019
increased neurogenesis
DIH Mouse SEZ Conditional knockout of DII7 in Nes-expressing NSCs leads to quiescence exit (feedback to Kawaguchi et al.,
activate Notch in quiescent cells is not ensured anymore) 2013
Jagged1 Mouse SGZ Conditional knockout of Jagged1 in Nes-expressing NSCs leads to quiescence exit, implying Lavado and Oliver,
that the interaction between Jaggedi1 and Notch is important for NSC quiescence and 2014
maintenance
Fezf2 Adult zebrafish Vivo-morpholino against fezf2 (short-term knock-down) leads to quiescence exit and increased Berberoglu et al.,
pallium proliferation 2014
Bone morphogenic Mouse SEZ BMP7 overexpression (virus-mediated) and Noggin expression (through protein purification or Lim et al., 2000
proteins virus-mediated) show that expression of BMP maintains quiescence in type B cells/NSCs and
therefore inhibits neurogenesis. It promotes the survival of type A progenitors
Mouse SGZ Blocking BMP through Noggin leads to reactivation and expansion of the NSC pool, suggesting Bonaguidi et al.,
that BMP is involved in quiescence control 2008
Mouse SGZ Intracerebral infusion of Noggin, lentivirus-mediated ablation of BMPR-1A and conditional Mira et al., 2010
knockout of Smad4 in Glast-expressing NSCs lead to quiescence exit, increased proliferation
and exhaustion
NSCs derived from NSC culture can be pushed to quiescence by adding BMP4 in 24 h Martynoga et al.,
ESCs 2013
Inhibitors of DNA Mouse SGZ Conditional knockout of /04 in Glast-expressing NSCs leads to increased ASCL1 expression Blomfield et al.,
binding and reactivation of previously quiescent NSCs 2019
Mouse SGZ Conditional knockout of /d4 in Gfap-expressing cells using adeno-gfap::Cre viruses leads to Zhang et al., 2019
NSC activation and cell-cycle entry without inducing neurogenesis
NFIX NSC culture Knockdown in vitro leads to impaired quiescence Martynoga et al.,
derived from 2013
Mouse ESCs
Mouse NFIX-/- knockout: lethal at 3 weeks. Proportion of cycling NSCs is increased in the mutant. Martynoga et al.,
2013
Forkhead box O3 Mouse SEZ and Conditional knockout of FOXO1,3,4 in Gfap-expressing cells: decline of NSC pool and Paik et al., 2009
SGZ neurogenesis.
Neurospheres from Neurospheres from FOXO3-/- versus FOXO34/+, genome-wide microarray analysis: FoxO3 Renault et al., 2009
NSC culture induces a program to preserve quiescence
Mouse SEZ and FOXO3-/-: reduced number of NSCs in vivo (NSCs got activated and lost) Renault et al., 2009
SGZ
Adult mouse ChiP: FOXO3 binds proneural genes that are also targeted by Ascl1 possibly as a competitor to Webb et al., 2013
primary NSC repress their expression and maintain NSC identity
culture
Mouse SGZ Conditional knockout of FoxO1,3,4 in Glast-expressing NSCs: leads to quiescence exit, Schéffner et al.,
increased proliferation followed by loss of NSC number 2018
Mouse SEZ FoxO3-/- knockout results in quiescence exit and increased neurogenesis Webb et al., 2013

miR-9
Gaba

Zebrafish pallium

Mouse postnatal
SEZ, acute slices

SGZ adult

SGZ adult

Vivo-MO targeting mature miR-9 leads to reactivation of previously quiescent mir-9+ NSCs.
GABA4-R-antagonist bicuculline leads to increase of proliferation in GFAP+ cells

Clonal analysis after cKO of gammay-subunit-containing GABA4 receptor in Nes-expressing
NSCs — > quiescence exit and symmetrical self-renewal

Pharmacological inhibition — > increase of NSC proliferation Genetic deletion of GABAg1
(homozygous mutant) — > increase of NSC proliferation (Sox2+ cells) and differentiation to
neuroblasts. Later loss of progenitors and increased neurogenesis

Katz et al., 2016
Liu et al., 2005

Song et al., 2012

Giachino and
Taylor, 2014
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[1]  Live-imaging Lineage tree
her4.1+ NSCs analysed up to 10d
(whole population) (3-4d interval)

[2] Live-imaging Lineage tree [1,2,3]
gfap+ NSCs analysed up to 23d
(whole population) (3-4d interval) [5,6,7]
[3] Live-imaging Lineage tree [8,9,10]
gfap+ NSCs analysed up to Im
(sparse labelling)  (4d interval) 1. Than-Trongetal., 2019
[1,2,3] 2. Drayetal., 2015
[4]  Clonal analysis 3. Barbosa etal., 2015
Gli+ NSCs 14,5.6,7] 4,  Encinasetal., 2011
[8,11] 5. Bonaguidi et al., 2011
[5,6] Clonal analysis 6. Songetal., 2012
Nestin+ NSCs 7. Pilzetal., 2018
8. Berg et al., 2019
[7]  Live-imaging [21 9. Basak f-:t al., 2018
(sparse labelling) 10. Obern.ler etal.,, 2018
[5,7] 11. Calzorietal, 2015

Ascl1+ NSCs

[10]

[8] Clonal analysis
Hopx+ NSCs

[1,2,3]

[5]

[9] Clonal analysis
Troy+ NSCs

[10] Clonal analysis
Gfap+ NSCs

[11] Clonal analysis
Glast+ NSCs
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